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Statement  of  Problem  Studied 

_  Characterizing  the  fracture  properties  of  technologically  important 

elastomers  (non-linear,  non-elastic  materials)  has  been  uncertain  because  of 
|  the  extensive  energy  dissipation  during  deformation.  The  objective  of  the 

research  vas  to  evaluate  the  J-integral  concept  of  fracture  as  a  fracture 
\  characterizing  parameter  and  to  relate  the  fracture  resistance  to  crack  tip 

1  microstructure  in  carbon  black  filled  natural  rubber.  Wear  rate  of  rubber, 

thought  to  be  primarily  related  to  fracture  resistance,  vas  studied  and 

i 

correlated  by  fractal  analysis  to  the  wear  surface. 
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ry  of  Host  Important  Results 

Carbon  black  increased  the  extent  of  strain  induced  crystallinity 
and  thereby  contributed  to  fracture  resistance.  This  has  been 
an  overlooked  carbon  black  reinforcement  mechanism. 

J-integral  concept  is  valid  for  characterizing  fracture  initiation 
and  correlation  of  fatigue  crack  growth  rate  in  carbon  black  filled 
natural  rubber. 

J  can  be  used  for  single  edge  cracked,  pure  shear,  and  mixed  mode  I 
and  II  crack  growth  studies. 

Crack  initiation  was  shown  to  be  controlled  by  the  local  crack  tip 
strain. 

Crack  initiation  conditions  in  single  edge  and  pure  shear  specimens 
(both  mode  I  loading)  differ  because  of  the  greater  biaxial  stress 
state  in  the  pure  shear  specimen. 

Differential  scanning  calorimetry  of  uniaxially  and  biaxially 
stressed  specimens  showed  that  biaxial  stresses  hindered  strain 
induced  crystallization. 


Rubber  wear  surfaces  are  fractal,  and  the  fractal  analysis  linked 
the  wear  rate  to  the  topography  of  the  wear  surface. 


Publications 


Page 


A.  "J-Integral  and  Crack  Opening  Displacement  as  Crack  4 

Initiation  Criteria  in  Rubber,”  Rubb.  Chem.  and  Tech.,  59 
(1986),  787-799  (with  R.F.  Lee). 

B.  "Fractographic  Survey  of  Polymeric  Materials,"  in  Microscopy,  17 
Fractography  and  Failure  Analysis,  Ed.,  M.R.  Lou than  and 

T. A.  Place,  (1986),  VPI,  Blacksburg,  VA. 

C.  "Applications  of  the  J-Integral  to  Fracture  of  Non-Elastic  39 

Rubber,"  Elastomers  and  Rubber  Technology,  Eds.  R.E.  Singler 

and  C.A.  Byrne,  U.S.  Gov.  Printing  Off.  (1987),  175-190. 

D.  "J-Integral  and  Crack  Opening  Displacement  as  Crack  55 

Initiation  Criteria  in  National  Rubber  in  Pure  Shear  and 

Tensile  Specimens,"  Rubb.  Chem.  and  Tech.  60,  (1987)  674-688. 

E.  "Effect  of  Carbon  Black  on  the  J-Integral  and  Strain  Energy  63 

in  the  Crack  Tip  Region  in  a  Vulcanized  Natural  Rubber," 

Rubb.  Chem.  and  Tech.,  60,  (1987),  893-909. 

F.  "Microstructural  Changes  in  the  Crack  Tip  Region  of  Carbon  72 

Black  Filled  Natural  Rubber,"  Rubb.  Chem.  and  Tech.,  60, 

(1987),  910-923. 

G.  "Mixed  Mode  I  and  II  Fracture  of  Carbon  Black  Filled  Natural  79 
Rubber,"  Int.  J.  of  Fract.,  34,  (1987)  41-55. 

H.  "Fractal  Analysis  of  Rubber  Wear  Surfaces  and  Debris,"  J.  of  93 
Mat.  Sci.,  23,  (1988),  2230-2242. 

I.  "The  Effect  of  Carbon  Black  and  Stress  State  on  Strain  106 

Induced  Crystallization  in  Natural  Rubber"  draft  to  be 
submitted  to  Rubber  Chem.  and  Tech. 

J.  Several  additional  papers  will  be  prepared  based  on  un¬ 
reported  results. 


4 


J-INTEGRAL  AND  CRACK  OPENING 
DISPLACEMENT  AS  CRACK  INITIATION 
CRITERIA  IN  RUBBER* 


R.  F.  Lee  and  J.  a.  Donovan 

Department  of  Mechanical  Enciniejunc,  University  or  Massachusetts,  Amherst,  MA  01003 


INTRODUCTION 


Rivlin  and  Thomas1  showed  thirty  years  ago  that  the  fracture  properties  of 
nonlinear  elastic  rubbers  could  be  characterized  by  the  tearing  energy  T  defined 
as 


1  av 

B  da' 


(1) 


where  B  is  the  thickness  of  the  specimen,  U  is  the  stored  energy,  and  a  is  the 
crack  length.  T  is,  therefore,  the  critical  strain  energy  release  rate  required  to 
advance  the  crack  unit  area.  T  accurately  characterizes  the  fracture  properties 
of  nonlinear  elastic  rubbers*.  However,  if  the  rubber  is  nonelastic  and  dissipates 
significant  energy  it  is  not  suitable,  and  the  approach  requires  subtraction  of 
the  dissipated  energy. 

The/-integral  concept1  has  been  applied  to  rubber  since  it  successfully  char¬ 
acterizes  ductile,  highly  dissipative  fncture  in  metals  and  has  been  shown  to 
satisfactorily  characterize  fracture  in  nonlinear,  nonelastic  rubbers  also4.  How¬ 
ever,  this  method  requires  several  specimens  to  determine  the  critical /-integral 
for  fracture. 

Thomas5  was  the  first  to  focus  attention  on  the  crack  tip  region  as  a  means 
for  determining  the  critical  fracture  parameters  in  rubber.  Instead  of  studying 
the  behavior  of  sharp  cracks,  he  measured  the  conditions  for  crack  initiation  of 
blunted  cracks  and  derived  the  following  equation  for  the  tearing  energy: 

r-nJV-rfsin*. 

where  W  is  the  stored  strain  energy,  R  is  the  crack  tip  radius,  and  6  is  the  angle 
from  notch  center  line  to  the  point  of  interest  (Figure  1).  Thus,  by  knowing  the 
local  stored  energy  as  a  function  of  position,  the  critical  tearing  energy  could  be 
determined.  From  the  local  extension  ratio  along  the  crack  surface  and  using 
the  Mooney-Riviin  equations  for  energy  density  as  a  function  of  extension  ratio, 
he  was  able  to  calculate  the  critical  tearing  energy. 

It  is  interesting  to  note  that  precisely  the  same  equation  can  be  derived  from 
Rice’s  definition  of  the/-integrals.  The  /-integral  is  defined  as 

4  * 


*  Received  November  1,  I9S5;  revised  May  19,  !9S$.  B. 
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FtC.  1 . — Characteristic  dimensions  of  prenotched  specimens. 


where  W  is  the  strain  energy  density  of  any  element  on  any  integration  path  T 
surrounding  the  crack  tip,  Tj  is  the  traction  vector  of  the  element,  u  is  the  dis¬ 
placement  vector,  and  i  is  the  arc  length. 

If  the  integration  path  is  taken  along  the  blunted  notch,  then  the  traction 
vector  Tj  is  everywhere  zero  and 

/,-  jwdj-RjiV-dsme,  (S) 

which  is  exactly  the  same  as  Thomas  derived  some  thirty  years  ago. 

Application  of  the /-integral  to  the  Barrenblatt-Dugdale  model1  for  a  long 
plastic  zone  in  front  of  a  crack  shows  that 

/,- J  (4) 

where  a  is  a  restraining  stress  in  an  elastic,  perfectly  plastic  material  and  5  is 
the  crack  up  opening.  Thus,  within  the  assumptions  of  this  model,  the  criterion 
of  a  critical/  for  crack  initiation  is  completely  equivalent  to  specification  of  a 
critical  crack  opening  displacement1.  Based  on  this  result  and  recognizing  that 
the  highly  strained  region  in  front  of  a  crack  in  rubber  may  not  satisfy  the 
Dugdale  model,  the  possibility  that  a  critical  crack  tip  displacement  would  also 
be  satisfactory  was  investigated.  Specifically,  the  / aih  where  a  is  the  net  section 
stress  and  b  is  the  crack  tip  opening  was  evaluated  as  a  possible  fracture  char¬ 
acterizing  parameter. 
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Since  carbon-black-filled  NR  is  a  highly  dissipative  system,  it  was  chosen  as 
a  severe  test  of  the  validity  of  the  /-integral  approach  to  characterizing  fracture 
in  rubber.  The  /-integral  based  on  the  Thomas-Rice  relation  in  prenotched 
specimens  is  compared  to  the  value  of  the/- integral  based  on  the  Dugdale  model, 
and  results  on  the  effect  of  carbon  black  content  on  the  fracture  properties  are 
presented. 


EXPERIMENTAL  PROCEDURE 

An  NR  recipe,  compounded  by  BFGoodrich,  with  carbon  black  contents  of 
0,  10,  25,  and  40  pph  was  used  for  all  tests. 

Single-edge  notched  specimens  with  sharp  or  blunt  notches  of  different  lengths, 
widths,  andprecrack  lengths  were  tested  at  21*C  and  a  displacement  rate  of 
1  cm/min.  The  sharp  cracks  were  made  by  cutting  the  rubber  with  a  razor  blade. 
The  blunt  notches  were  made  by  drilling  a  hole  with  a  sharp,  hollow,  circular 
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DEFORMED  RADIUS  (cm) 

Fic.  5. — Net  section  stress  as  a  function  of  deformed  crack  tip  radius 
in  different  geometry  precracked  specimens  in  unfilled  NR. 


cutter  lubricated  with  water.  Blunt  notches  with  radii  1,  2,  and  S  mm  were  made, 
then  the  sides  of  the  notches  were  cut  away  with  a  sharp  razor  blade  (Figure  I). 

The  region  around  the  notch  tip  was  coated  with  white  powder  so  that  a 
series  of  line,  equally  spaced  radial  lines  could  be  made  in  the  crack  tip  region. 
The  spacing  between  the  lines  was  measured  with  the  aid  of  a  10  X  filar  eyepiece. 
Based  on  these  measurements,  the  extension  ratio  as  a  function  of  position  was 
determined  and  was  the  basis  for  calculating  the  critical./  integral  at  initiation. 

The  above  procedure  is  not  applicable  for  sharp  cracks,  therefore  J,  was 
determined  by  measuring  the  crack  opening  radius  with  a  radius  gage  as  a 
function  of  load. 

Crack  initiation  was  identified  by  coating  the  crack  surface  with  the  white 
powder;  as  loading  increased,  the  region  in  the  crack  tip  developed  a  new  surface 
delineated  by  the  white  powder  which  then  slowly  peeled.  The  first  observation 
of  peeling  was  taken  as  crack  initiation.  However,  the  true  initiation  event  is 
thought  to  slighdy  precede  the  initiation  of  peeling;  but,  initiation  was  consistendy 
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identified  as  described.  Additional  work  is  being  done  to  refine  identification  of 
the  initiation  event. 

Conventional  tensile  tests  (smooch  specimens)  to  determine  stress-extension 
ratio  curves  and  the  stored  energy  as  a  function  of  extension  ratio  were  measured 
at  21”C  and  a  displacement  rate  of  1  cm/ min. 

RESULTS 

The  extension  ratio  as  a  function  of  position  along  the  notch  tip  for  different 
values  of  the  radius  of  the  notch  were  measured  and  are  shown  in  Figure  2  as 
a  function  of  sin  6. 

These  data  were  obtained  in  specimens  of  different  length  (/)  width  (u>),  pre¬ 
crack  radius  C Rp)  and  precrack  length  (a).  The  data  were  independent  of  these 
variables,  except  for  Rf,  within  experimental  error.  The  stored  energy  (W)  as  a 
function  of  the  extension  ratio  was  obtained  from  tensile  tests  by  integrating  the 
area  under  the  stress-extention  ratio  curve  and  used  to  determine  the  energy 
stored  as  a  function  of  position  along  the  blunted  notch  and  is  shown  in  Figure 
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3  for  different  imposed  notch  radii.  The/-integral  was  then  determined  according 
to  Equation  (3)  by  integrating  the  area  under  the  W-sin  B  curve  and  is  shown  in 
Figure  4  as  a  function  of  the  deformed  notch  tip  radius  and  shows  that  it  is 
independent  of  w,  l ,  and  a.  Similar  data  were  obtained  as  a  function  precrack 
notch  tip  radius,  specimen  geometry,  and  carbon  black  content. 

This  curve  (Figure  4)  serves  as  the  basis  for  determining  the  critical  J  value 
required  for  initiation  of  crack  growth  from  a  blunted  precrack.  However,  it  is 
obvious  that  this  procedure  is  tedious  and  cannot  be  applied  to  sharp  cracks. 
Therefore,  the  net  section  stress  was  measured  as  a  function  of  deformed  crack 


FU-NOTCH  RADIUS  (m) 

Fic.  1.—J,  it  crack  initiation  as  a  function  of  prenotch  radii  for  4  contents  of  carbon  Hack 


11 


794 


RUBBER  CHEMISTRY  AND  TECHNOLOGY 


VOL.  59 


0  12  3 


PRE -NOTCH  RADIUS  In) 

Fic.  I.— Critical  radius  u  crack  initiation  as  a  function  of  prenotch  radius- 


tip  radius  and  found  to  be  independent  of  l,  w  and  a  (Figure  5).  These  data  were 
used  in  Equation  (4)  to  calculate/!  and  are  shown  in  Figure  6.  The  two  curves 
are  related  by  a  factor  of  two;  additional  verification  of  this  will  be  given  below 
in  the  discussion  of  the  critical/  value  for  initiation. 

The  critical  values  of  J$  and  /,  were  determined  by  following  the  above  pro¬ 
cedures  and  noting  the  critical  radius  at  crack  initiation.  Jt  is  shown  in  Figure 
7  as  a  function  of  the  prenotch  radius;  the  value  for  a  sharp  crack  (Rf  *  0)  is 
also  shown. 

The  critical  conditions  for  initiation  as  a  function  of  loading  and  specimen 
geometry  were  determined  for  precracked  and  prenotched  specimens.  Figure  8 
shows  that  the  relationship  of  the  critical  radius  at  initiation  was  linearly  related 
to  the  prenotch  crack  tip  radius.  The  critical  radius  was  independent  of  the  other 
specimen  dimensions  such  as  length,  width,  and  precrack  length.  Therefore,  for 
prenotched  specimens  the  critical/-integral  could  be  calculated  based  on  Equation 
(3)  (/*),  as  well  as  with  Equation  (4)  (J,).  Table  1  shows  the  values  of  the  critical 
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parameters  determined  by  both  methods  and  that  /,  is  one-half/#,  and  therefore 
Equation  (4)  is  a  basic  method  to  calculate  the/-integral  for  initiation  for  sharp 
cracks  or  blunt  notches  as  given  by  Equation  (S). 

Four  levels  of  carbon  black  were  studied  to  determine  its  effect  on  the  critical 
conditions  for  crack  initiation.  Figure  9  shows  the  net  section  stress  as  a  function 
of  crack  tip  opening  for  precracked  specimens.  As  discussed  above,  the  area 
under  these  curves  up  to  the  point  of  initiation  is  one-half  the  critical  /, -value. 
The  /rvalue  was  determined  as  a  function  of  carbon  black  for  prenotched  and 
precracked  specimens,  and  the  combined  data  as  a  function  of  carbon  black 
concentration  are  shown  in  Figure  10.  The  critical  radius  for  crack  initiation 
depended  on  the  prenotch  radius;  but  not  on  the  carbon  black  content. 

The/  integral  is  an  averaged  measure  of  the  stress-strain  field  in  the  crack 
tip  region,  while  the  critical  radius  is  a  local  measure  of  the  strain;  therefore, 
their  ratio  is  an  averaged  measure  of  the  stress  in  the  crack  tip  region  required 
to  initiate  crack  growth.  Figure  1 1  shows  that  this  average  stress  in  the  crack  tip 
region  increases  linearly  with  carbon  black  content. 


DISCUSSION 

The  calculation  of  the  critical/  value  for  initiation  from  the  local  strain  field 
at  the  tip  of  a  blunt  notch  is  theoretically  correct  as  proposed  originally  by 


Table  I 


Representative  Values  of/,  and/,  for  Crack  Initiation  in  NR  for  Different 
Specimen  Geometries  and  Carbon-Black  Contents* 


CB, 

/, 

4, 

>4, 

/.. 

pph 

nun 

mm 

mm 

mm 

kN/m 

kN/m 

J./J. 

40 

2 

100 

17 

55 

287 

126 

2.28 

40 

2 

100 

12 

25 

SOI 

157 

40 

2 

100 

9 

25 

516 

145 

2.21 

40 

2 

50 

9 

25 

285 

124 

2.28 

40 

1 

100 

9 

25 

176 

85 

25 

2 

100 

12 

25 

204 

105 

1.98 

25 

2 

100 

9 

25 

189 

too 

1.89 

25 

2 

50 

9 

25 

208 

104 

25 

S 

100 

9 

25 

284 

151 

2.17 

10 

2 

100 

12 

25 

165 

75 

2.2 

10 

2 

100 

9 

25 

159 

85 

1.92 

10 

2 

50 

9 

25 

165 

78 

10 

S 

100 

9 

25 

200 

1.82 

0 

2 

100 

9 

25 

106 

57 

1.86 

0 

2 

100 

6 

25 

121 

61 

1.98 

0 

2 

50 

6 

25 

115 

59 

1  95 

0 

1 

100 

6 

25 

101 

50 

2.02 

•  CB,  carbon  black  content;  R,,  precrack  radius;  /,  specimen  length;  «.  crack  sire;  w, 
specimen  width. 
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Fic.  9. — Net  icction  siren  as  a  function  of  deformed  notch  radius  for  4  contents  of  carbon  black. 


Thomas5  and  shown  to  follow  directly  from  Rice’s  definition  of  the /-integral. 
A  small  error  may  exist  in  the  calculated  values  because  the  strain  energy  density 
was  determined  mom  uniaxial  extension  data,  but  a  biaxial  state  of  stress  exists 
in  the  notch  tip  region.  However,  this  is  considered  to  be  small  since  the  extension 
ratios  are  large  and  predominately  uniaxial. 

The  geometry  independence,  except  for  the  prenotch  tip  dependence,  justifies 
the /-integral  as  a  valid  fracture-characterizing  parameter.  This  method  of  cal¬ 
culating/  is  experimentally  involved,  as  is  the  multiple  specimen  method4. 
Therefore,  the  approach  of  measuring  the/,,  which  requires  only  one  specimen 
and  the  measurement  of  the  crack  tip  opening  as  a  function  of  stress  is  a  simple, 
efficient  method  to  characterize  the  conditions  for  crack  initiation.  In  addition, 
this  procedure  is  valid  for  sharp  precracks.  The  correlation  with  the  true/, -value 
from  J-i  curves  (Figure  6)  and  from  the  critical  conditions  (Table  I)  is  found  to 
be  about  a  factor  of  2.  This  simple  procedure,  therefore,  is  valid;  it  can  characterize 
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CAMO*  iua  COUTEST  (ppH) 

Fic.  10. — J,  at  crack  initiation  as  a  function  of  carbon  Mack  content 
for  specimens  with  different  prenotch  radii. 


the  critical  fracture  propertied  of  a  highly  dissipative  rubber  with  a  sharp  crack, 
and  it  requires  only  one  specimen. 

The  observation  that  the  critical  radius  at  initiation  was  independent  of 
carbon  black  content  suggests  that  the  critical  strain  is  not  dependent  on  the 
carbon  black  content  but  that  the  required  stress  increases  linearly  with  carbon 
content.  This  can  be  seen  in  Figure  12,  where  the  ratio  of/#  to  critical  radius  is 
independent  of  the  prenotch  diameter  and  increases  linearly  with  carbon  content. 
This  ratio  represents  a  general  state  of  stress  in  the  crack  tip  region.  It  is  well 
known  that  carbon  black  increases  the  stress-extension  curve,  but  these  data,  to 
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CARSON  SUCK  CONTENT  (pph) 

Fic.  1 1.— Average  urea*  in  crack  lip  region  at  initiation  for  ♦  different  contents  of  carbon  black. 


the  best  of  our  knowledge,  are  the  first  to  show  the  effect  of  carbon  black  on  the 
state  of  stress  and  strain  in  the  crack  tip  region  at  the  critical  condition  for  crack 
initiation. 


CONCLUSIONS 

1.  Evaluation  of  $<rdi  where  a  is  the  net  section  stress  and  i  is  the  deformed 
crack  tip  diameter  requires  only  one  specimen  to  characterize  the  initiation  of 
crack  growth  in  unfilled  and  carbon-black-filled  NR. 

2.  j  <rd6  is  equal  to  one  half  of  the /-integral  for  crack  growth  initiation, 
which  is  identical  to  the  Thomas  tearing  energy  for  a  blunt  notch. 

S.  The  critical /-integral  for  crack  initiation  increases  linearly  with  carbon 
black  content. 

4.  The  critical  crack  tip  radius  for  crack  initiation  is  independent  of  carbon 
black  content,  and  the  required  crack  tip  region  stress  increases  linearly  with 
carbon  black  content. 
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rU-NOTCM  RADIUS  (an) 

Flo.  It.— Crack  lip  region  siren  at  initiation  u  a  function  of  prenoich  radius  for  4  different  contents 

of  carbon  black. 
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INTRODUCTION 

POLYMERS,  materials  made  up  of  long  covalently  bonded  molecules,  are 
replacing  at  an  increasing  race  conventional  materials  such  as  metals,  wood 
and  inorganic  glass  in  engineering  applications.  Therefore,  concern  and 
understanding  of  polymer  fracture,  its  mechanisms  and  modes  ere  increasing. 
Consequently  many  tests  have  been  developed  to  measure  the  fracture  resis¬ 
tance  of  polymeric  materials  which  recently  are  more  and  more  based  on 
fracture  mechanics  concepcs.  Fractography  of  polymeric  materials  has 
already  aided  the  design  of  more  fracture  resistant  materials.  Yet,  it  is 
not  as  well  developed  as  fractography  of  metals  and  its  use  in  failure  ana¬ 
lysis  of  polymeric  materials  is  not  firmly  grounded. 

But,  before  discussing  the  fractography  of  polymeric  materials  the 
c  lassif i  .ation  and  microatructurc  of  polymeric  materials  will  be  outlined. 
As  already  mentioned  the  basic  characteristic  of  polymers  is  that  they  are 
made  of  long  molecules  »nat  are  covalently  bonded,  therefore  the  bonds 
within  the  molecule  are  strong  and  directional,  but  the  bonds  between  the 
molecules  can  be  of  two  types:  1)  weak  van  der  Veals  bonds  including 
hydrogen  bonds  or  2)  strong  chemical  bonds  if  the  polymer  is  cross-linked. 
It  is  the  type  of  inter-molecular  bonding  which  distinguishes  the  two 
principal  classes  of  polymers:  thermoplastics  and  thermoscts. 

Thermoplastic  polymers,  as  their  name  implies,  when  heated  becomes 
formable  (plastic)  because  the  thermal  energy  decreases  che  secondary  bon¬ 
ding  and  the  molecules  easily  slide  pest  each  other.  But,  when  cooled  they 
become  rigid.  This  process  can  be  repeated  many  times  with  limited  degra¬ 
dation  (due  primarily  to  oxidation).  Common  thermoplastic  polymers  are: 
polyethylene  (PE)  ,  polypropylene  (PP)  ,  polystyrene  (PS)  ,  polyvinyl  chloride 
(PVC)  ,  polymethyl  methacrylate  (PMMA) ,  polycarbonate  (PC),  and  nylon. 

Nylon  is  the  most  common  polymer  with  significant  hydrogen  bonding  between 
the  molecules. 

Thermosets  are  long  chain  polymers  chemically  bonded  into  a  network  by 
strong  primary  chemical  bonds  called  crosslinks.  These  crosslinks  are 
formed  by  chemical  reaction  as  when  the  two  components  of  the  epoxy  react 
during  curing  or  the  sulfur  joins  the  rubber  molecules  during  vulcaniza¬ 
tion.  The  mechanical  properties  are  strongly  dependent  on  the  extent  of 
crosslinking.  Heat  vill  soften  the  thermoset  polymer,  but  it  will  not 
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become  "plastic"  as  the  thermoplastics.  Sufficient  heat  severely  degrades 
chermosets  by  disrupting  the  primary  bonds. 

Each  of  these  classes  of  polysiers  can  be  sub-divided.  The  thermosets 
can  be  divided  inco  two  classes  based  on  the  extent  of  crosslinking.  The 
most  common  example  of  a  lightly  crosslinked  polymer  it  an  elastomer,  with 
its  characteristic  long  elongation  and  rapid  recovery  when  the  screat  is 
removed.  Examples  of  heavily  crosslinked  materials  are  the  rigid  epoxies, 
phenolics  and  Bakelite  (the  product  of  the  reaction  of  urea  with  formalde¬ 
hyde).  It  is  common  to  refer  Co  these  two  groups  as  rubbers  or  elastomers 
and  thermosets  respectively  even  though  their  basic  structure  it  similar. 

The  thermoplastic  polymers  are  made  up  of  two  sub-classes  of  materials 
based  on  their  structure  (or  lack  of  structure):  amorphous  or  glassy 
polymers  (PS,  PC,  PHMA)  and  temicryttalline  polymers  (PE,  PP ,  nylon). 

Classy  polymers  form  because  the  molecular  architecture  is  too  irreg¬ 
ular  to  allow  the  formation  of  crystals  or  because  the  kinetics  of  crys¬ 
tallisation  are  sufficiently  slow  so  that  crystallization  is  suppressed; 
however  if  given  sufficient  t ime  they  may  crystallize.  Therefore,  even 
polymers  which  under  normal  processing  are  semi-crystalline  can  frequently 
be  produced  in  the  amorphoua  condition,  for  example  polyethylene  tereph- 
thalate  (PET)  and  nylon;  and  normally  glassy  polymers  can  crystallize,  for 
example  PC. 

After  a  few  brief  words  about  specisien  preparation  and  radiation  dam¬ 
age  during  examination  in  the  scanning  electron  microscope  (SEM).  The 
fracture  surface  as  revealed  by  SEM  will  be  surveyed  for  the  four  clssses 
of  polymers:  glassy,  semi-crystalline,  thermoaets  and  elastomers. 

The  objective  is  to  survey  fractography  of  polymers  in  the  sente  of 
selecting  the  main  characteristics  of  the  materials  rathar  than  a  critical 
review  of  the  field.  Therefore,  it  is  superficial,  but  we  hope  informative 
and  an  introduction  to  a  rapidly  changing  area  of  inveatigation. 


SPECIMEN  PREPARATION 

Specimen  preparation  of  polymeric  samples  for  scanning  electron 
microscopy  (SEM)  is  basically  the  same  for  metallic  tables.  But,  to 
prevent  local  charging  because  their  electrical  conductivity  is  low  the 
samples  must  be  coated  with  a  conductor  usually  gold,  gold/pallidium  alloy 
or  carbon  by  evaporation  or  sputtering. 

Another  reason  for  coating  is  to  prevent  oxidation  or  other  aging 
reactions  from  occurring  since  the  fracture  surface  nay  be  very  accive  due 
to  the  sciasion  of  the  molecules.  This  is  especially  true  with  rubbers  for 
which  it  is  recommended  that  the  specimens  be  coated  within  twenty  four 
hours  of  frecture. 

Another  concern  when  examining  polymeric  samples  in  the  SEM  is  the 
possibility  of  radietion  damage  which  may  lead  to  artifacts.  Polymeric 
materials  react  to  the  electron  radiation  in  specific  ways  and  must  be 
taken  into  account  during  any  study. 

For  a  thorough  discussion  of  the  physics  as  well  as  the  practical 
aspects  of  SEM  of  polymeric  materials  see  the  recent  excellent  review  of 
White  end  Thomas  (1). 


SEM  OF  CLASSY  POLYMERS 

In  unoriented  glassy  polymers  the  molecules  are  arranged  in  random 
loose  coils  that  are  entangled;  therefore,  if  the  glassy  polymer  is  formed 
in  the  absence  of  stress  fields  the  mechanical  properties  are  isotropic. 
Fractography  of  only  isotropic  glass  polymers  will  be  discussed. 

The  deformation  behavior  of  glassy  polymers  is  determined  by  their 
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molecular  architecture,  molecular  weight,  temperature  and  strain  rate  among 
other  things.  Two  types  of  inhomogeneous  deformation  of  glassy  polymers 
can  occur  where  the  local  strain  is  much  greater  than  the  average  strain: 
sheer  banding  and  crazing.  Shear  bands  for®  at  45  to  the  principal  stress 
(Figure  1) »  are  easily  visible  and  within  the  shear  band  the  molecules 
become  highly  oriented.  There  is  no  volume  change  due  to  the  formation  of 
the  shear  band.  Shear  bands  are  important  for  understanding  the  fracture 
properties  of  glassy  polymers  because  they  dissipate  energy  and  can  toughen 
the  material. 

However,  since  we  are  focussing  on  fractography  the  crazing  process 
dominates  the  appearance  of  the  fracture  surface.  In  Figure  1  the  forma¬ 
tion  of  a  craze  is  clearly  visible  bisecting  the  shear  bands  at  90  to  the 
applied  stress.  Figure  2,  a  transmission  micrograph  of  a  craze,  shows  that 
the  craze  has  crack  like  features  except  that  the  craze  surfaces  are  con¬ 
nected  by  load  carrying  fibrils  with  40-60X  void  space.  Crazes  have  been 
successfully  modelled  as  Dugdale  zones  (4).  Fracture  in  glassy  polymers 
seems  to  always  be  preceeded  by  the  formation  of  a  craze  or  craze  bundle 
which  then  fails  and  becomes  a  crack. 


Figure  1.  Craze  (horizontal  lina  in  canter)  and  shear 

bands  formed  by  banding  a  notchad  PC  specimen. 
Ishihana  and  Nariaava  (2). 


Figure  2.  Transmission  election  micrograph  of  fibril 

structure  in  a  crate.  Behan,  Berris  and  Hull 
(3). 


Figure  3  is  the  fracture  surface  of  a  rod  of  PMMA  showing  a  central 
region  where  fracture  initiated,  probably  from  a  defect  such  as  a  pre¬ 
existing  void  or  inclusion  (dust  particle),  then  a  region  of  "mackerel" 
bands  and  finally  the  outer  region  which  is  frequently  rougher. 
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Figure  3.  The  "neckerel"  pattern  due  to  fracture  of 
a  craze  in  PMMA.  Doyle  (5). 


The  mirrored  zone  ia  relatively  amooth  and  thought  to  form  by  the  alow 
failure  of  the  fibrila  along  the  aiid  plane  of  the  craze.  Aa  the  crack 
growa  the  fracture  pattern  becoaea  diatinctly  different  and  haa  been  stu- 
died  by  Doyle  (5.6,8)  and  Hull  and  co-workera  (3,7)  moat  extenaively. 

Figure  A  ia  a  higher  magnification  SEM  photo  of  the  tranaition  from  the 
mirror  zone  into  che  "mackerel"  zone  which  illuatratea  the  atripcd  and 
banded  nature  of  thia  zone.  Murray  and  Hull  (9)  in  matching  photoa  (Figure 
5)  from  the  two  halvea  of  che  fracture  ahowed  that  the  atriped  area  on  one 
surface  correaponded  to  the  banded  region  on  the  other  aurfacc.  At  atill 
higher  magnification,  Figure  6,  the  detail  of  the  atripe  deacribed  aa 
"mist"  and  the  band  aa  "hackle"  from  Che  feilure  of  the  craze  fibrila  ia 
apparent. 

The  development  of  the  miat  and  hackle  ia  ahovn  achematically  in 
Figure  7  showing  that  the  crack  jumpa  from  one  craze  surface  to  the  other 
and  that  fracture  occura  near  the  fibril  bulk  interface. 


Figure  A.  Higher  magnification  view  of  the  transition 

region  from  the  mirror  zone  (left)  to  mackerel 
bands.  Doyle,  Maranci,  Orowan  and  Stork  (6). 


Figure  S.  Opposite  fracture  surfaces  showing  that  “misc" 
on  one  surface  corresponds  to  the  “hackle"  on 
the  other.  Murray  and  Hull  (7). 


Figure  6.  Mackerel  pattern  showing  fibril  roots  (mist) 
on  left  and  strips  of  fractured  fibrils 
( right)  .  Doyle  ( 5) . 


The  fracture  near  the  bulk/fibril  interface  appears  to  have  two  pos¬ 
sibilities,  that  is  the  fibril  can  fail  and  results  in  the  fracture  sur¬ 
faces  described  as  mist  or  hackel  which  is  representative  of  the  ''roots”  of 
the  failed  fibrile.  But,  there  is  some  evidence  that  the  fracture  can 
occur  below  the  erase  boundary  with  no  evidence  of  fibrils  or  fibril  roots 
as  shown  in  Figure  9,  dark  area*  Also,  apparent  in  this  figure  is  the 
hackle  region  thought  to  be  fibril  roots  Region  A  and  a  bundle  of  fibrils 
that  create  the  "■ist”. 

Another  unique  characteristic  of  fracture  of  polymers  most  apparent  in 
glassy  polymers  is  the  development  of  diamond  cavities,  most  extensively 
studied  by  Howard  and  co-vorkers  (9).  Figure  9  shows  the  development  of  a 
single  diamond  cavity  develops  from  the  failure  of  a  particular  craze  with 
the  blunt  edges  perpendicular  co  the  applied  stress.  Diamond  cavicies  of 
similar  structure  have  been  observed  in  many  glassy  polymers  and  their 
growth  is  controlled  by  the  shear  deformation  in  the  adjacent  bulk  polymer. 
The  reorientation  of  the  crazes  in  the  vicinity  of  the  diamond  cavity  due 
to  the  plastic  deformation  near  the  cavity  is  apparent  in  Figure  9. 
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Crazes  also  influence  the  fatigue  crack  growth  rate  in  glassy  polymers 
because  the  tip  of  a  fatigue  crack  is  also  a  craze,  and  therefore  the 
fatigue  and  failure  characteristics  of  the  craze  affect  the  mode  of  fatigue 
growth.  The  effect  of  crazing  on  the  fatigue  fracture  surface  appearance 
is  critical  for  proper  interpretat  ion . 

The  fracture  surface  of  a  fatigued  sample  shows  discontinuous  growth 
bands  (DGB)  which  look  like  the  classic  fatigue  striations  (Figure  10). 
However,  the  extensive  work  by  Hertzberg  and  Hanson  and  co-works  (10)  have 
shown  conclusively  that  it  requires  up  to  thousands  of  fatigue  cycles  to 
form  one  DCB  at  low  AK  values.  The  number  of  cycles  for  one  0GB  decreases 
exponentially  with  increasing  *K.  They  have  shown  that  during  DGB  forma¬ 
tion  a  craze  forma  at  the  crack  tip  which  when  it  (the  craze)  grows  up  to  a 
limiting  size  the  crack  propagates  to  the  tip  of  the  craze  by  a  void  coal¬ 
escence  mechanism.  Figure  LI  shows  the  fine  structure  on  one  DGB  indicat¬ 
ing  that  as  the  crack  propagated  through  the  craze  the  fracture  path 
alternated  between  craze  surfaces,  Hertzberg,  et  al.  point  out  that  for 
failure  analyses  a  misinterpretation  of  DGB's  as  fatigue  striations  could 
lead  to  an  underestimation  of  the  propagation  stage  of  fatigue  crack  growth 
by  three  orders  of  magnitude. 


Figure  10.  Fractograph  of  discontinuous  growth  bands. 

Skibo,  Hertzberg,  Hanson  and  Kim  (10). 


Figure  11.  Fine  structure  on  a  DGB  indicating  that 
fracture  path  alternated  between  the 
craze  surfaces.  Skibo,  Hertzberg,  Hanson 
and  K  im  (  10)  . 
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A  further  complication  to  understanding  fatigue  crack  propagation  are 
the  observations  of  Takemori  of  an  intersecting  plastic  zone  that 
develops  in  PC  in  smooth  bar  fatigue  tests  ( i  1) .  The  £  plastic  tone  con¬ 
sists  of  general  arm  that  is  a  craze  similar  to  the  previous  discussion, 
but  at  45  to  the  craze  emanating  from  the  crack  tip  shear  bands  develop 
giving  the  appearance  of  the  Creek  letter  £  plastic  zones  have  not  been 

observed  to  grow  from  notched  samples,  but  only  in  fatigue  cracks  that 
develop  from  surface  crazes.  The  development  of  the  shear  bands  tends  to 
stabilize  the  craze  thus  craze  breakdown  requires  more  cycles  before  form¬ 
ing  a  discontinuous  growth  band.  The  development  of  the  shear  bands  is 
thought  to  be  due  to  Che  effect  of  state  of  stress  on  whether  shear  bands 
(plane  stress)  or  crazes  (plane  strain)  develop.  Thus  life  predictions 
based  on  fatigue  data  generated  from  notched  samples  may  not  be  relevant 
for  fatigue  cracks  initiating  from  smooth  surfaces. 


SEMICRYSTALLINE  POLYMERS 

Crystals  in  semic rys tal 1 ine  polymers  are  folded  chain  crystals,  in 
which  the  long  molecules  fold  back  upon  themselves  to  form  thin  ( 100A) 
platelets  called  lamellae.  An  individual  molecule  may  be  in  several  crys¬ 
tals  as  well  as  in  the  amorphous  material  chat  separates  the  lamellae.  The 
properties  of  the  crystals  are  very  anisotropic;  in  the  chain  direction 
they  are  very  strong  (chemical  bonds),  but  in  the  transverse  direction  (van 
der  Waals  bonds)  they  are  very  weak.  Therefore,  the  crystal  orientation, 
easily  affected  by  processing,  is  a  major  factor  in  the  strength  properties 
of  semicrystalline  polymers.  For  example,  Che  modulus  of  PE  may  easily 
vary  from  10  to  200  CP a  depending  on  how  the  material  was  processed. 

The  crystalline  lamellae  are  separated  by  the  amorphous  intercryt tal- 
line  phase  which  contains  chain  ends,  loops,  other  less  crystallizabie 
material  (lower  molecular  weight  chains),  and  tie  molecules.  Tie  molecules 
are  incorporated  into  more  than  one  crystal  and  are  extremely  ia?ortant  for 
the  mechanical  properties.  Figure  12  shows  intercrystal line  links  between 
crystals  of  PE  which  are  more  then  one  molecule,  but  illustrate  the  concept 
of  tie  molecules  graphically.  True  tie  molecules  would  wander  through  the 
amorphous  phase  rather  than  be  direct  links  between  the  crystals. 


Figure  12 •  Intercrystalline  links,  analogous  to  tie 
molecules,  between  PE  crystals.  Keith, 
Padden  and  Vadimaky  (12). 


The  organization  of  the  crystal  lamellae  depends  on  the  processing 
conditions.  If  the  crystals  from  under  quiescent  conditions  the  lamellae 
grow  radially  from  a  nuclei,  similar  to  the  growth  of  a  metal  grain,  to 
form  a  spherulite.  However,  unlike  a  metal  grain  the  spherulite  consists 
of  many  crystals  and  amorphous  material.  Figure  13  is  an  example  of  the 
crystalline  portion  of  a  spherulite.  These  sphemlites  will  grow  until 
they  fill  space  and  form  a  solid  which  can  be  characterized  by  its 
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Figure  13.  Cryatalline  lamellar  in  a  apherulite  of  ?P. 
Keith  and  Padden  (13). 


apherulite  size,  an  exaaiple  ia  a  ho  vn  in  Figure  14;  the  diameter  of  the 
apherulitea  can  range  from  0.1  to  1000  -a.  The  complex  apherulitic  atruc- 
cure  ia  "clearly”  ahovn  in  a  replica  of  a  fracture  aurface  in  Figure  IS. 
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Figure  14.  Impinging  apherulitea;  in  concentric 

ringa  are  due  to  the  twiat  that  occura 
in  the  lamellar  aa  they  grow  (14). 


Figure  IS.  Replica  of  a  fracture  aurface  ahoving  the 
complex  atructure  of  a  apherulite.  Norton 
and  Keller  (IS). 
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If  Che  c rystai l izat ion  conditions  are  not  quiescent  then  the  micro- 
structure  and  properties  will  be  significantly  different.  Also,  the  kind 
and  distribution  of  defects  will  be  affected  by  the  processing  history. 
Thus  just  as  in  metals  the  processing  history  determines  properties,  but 
even  more  so.  An  excellent  review  of  the  relation  of  properties  to  struc¬ 
ture  of  semicrystal line  polymers  has  recently  been  published  by  Schultz 
(  16)  . 


Two  of  the  most  important  structural  parameters  chat  determine  the 
mechanical  behavior  and  specifically  fracture  properties  are  the  molecular 
weight  and  the  percent  crystallinity  of  the  polymer.  The  higher  the  mole¬ 
cular  weight  the  easier  the  crystallization,  the  greater  the  number  of  tie 
molecules,  and  the  greater  the  number  of  entanglements  or  knots  in  the 
amorphous  phase*  All  of  these  decrease  the  ability  of  the  polymer  to 
deform  viscously  end  tend  to  increase  the  brittleness  of  the  polymer. 
Freidrich  and  Fakirov  (17)  have  recently  presented  a  fracture  map  repre¬ 
senting  the  effect  of  molecular  weight  and  degree  of  crystallinity  on 
failure  mode;  three  types  of  behavior  are  found:  ductile,  semi-ductile 
(crazing)  and  brittle.  For  example,  the^p^ane  strain  fracture  toughness  of 
coonercial  PC  decreases  from  6  to  l  aN/m  /  when  the  crystallinity 
increases  from  60  to  77  percent  (16).  Therefore,  as  you  might  expect  the 
molecular  weight  effect!  the  fracture  appearance.  Figure  16  shows  that  the 
fracture  surface  of  nylon  66  during  fatigue  changes  froc  a  patchy  appear¬ 
ance  to  highly  drawn  when  the  molecular  weight  doubles,  which  also 
increases  the  modulus  and  decreases  the  fatigue  crack  growth  rate. 


Figure  16.  Fatigue  fracture  surface  showing  the  effect  of 
doubling  the  molecular  weight  in  nylon  66: 
a)  MW:  17,000  and  b)  MW:  34,000.  Brets, 
Bertzberg  and  Manaon  ( 18) . 


Since  polymers  at  thsir  servica  temperatures  arc  usually  viacoelaatic , 
strong  strain  rate  effects  are  expected  and  found  in  most  polymer  systems. 
Figure  17  shows  how  the  strain  rate  affects  the  fracture  path  through 
sphcrulitic  PP;  at  low  deformation  rates  the  fracture  path  follows  the 
•pherulitic  boundaries,  but  at  highsr  strain  rates  the  path  becomes 
increasingly  t rant -epheruii tie . 

The  effect  also  manifests  itself  if  the  material  is  susceptible  to 
tearing  instability  where  ductile  fracture  initiates  the  fracture,  but  as 
the  crack  grows  tha  elastic  contraction  exceeds  the  plastic  opening  and 
drives  the  crack  faatar.  The  effect  of  tearing  instability  on  the  fracture 
surface  is  quite  dramatic  as  shown  in  Figure  18,  with  evidence  of  diamond 
cavities  in  the  ductile  region. 
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Figure  17. 


The  effect  of  deformation  rate  on  the 
fraction  of  crana-epherulitic  fracture. 
Schulte  ( 16) . 


Figure  It.  Frac  tograph  of  a  PP  a  pec  imen  chat  failed  by 
tearing  inetability;  ductile  failure  on  left 
and  brittle  on  right.  Prabhac  and  Donovan  (19). 


Finally,  the  effect  of  environaent  can  be  vary  pronounced  on  many 
polymere.  Ubiquitoue  water  haa  dramatic  effect a  on  fracture  propertied  aa 
ahovn  in  Figure  19.  The  rather  brittle  fracture  in  air  above  ouch  greater 
evidence  of  plaeticity  when  teated  in  water,  the  water  haa  plaaticixed  the 
material.  Many  of  the  common  polymere  owe  their  good  fracture  propertiea 
to  their  hydroecopic  nature,  for  example  nylon. 


THEKMOSETTING  FOLYMZtS 

Fracture  of  thermoeatting  polymere  etrongly  dependa  on  the  teat  tem¬ 
perature  and  loading  rate:  at  low  tenperacurer/high  ratea  crack  growth  ia 
brittle,  at  intermediate  temparaturee  and  ratea  fracture  ia  diacootinuoua 
(atick/elip)  and  at  the  highett  temperature  and  loweat  loading  ratea  frac¬ 
ture  ia  ductile.  Aleo,  the  environment,  amount  of  hardner  (croealink  den- 
aity),  curing  tenperature  and  tiam,  and  aging  all  affect  the  fracture 
toughneaa.  Exemplar  of  the  effect  of  theae  variablea  on  the  fracture  eur- 
face  will  be  diacuaaed  for  unfilled  epoxiee  becauee  of  their  vidcapread 
uae.  Significant  work  haa  been  done  on  filled  epoxy  ayatema  becauee  many 
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Figure  19.  The  effect  of  water  on  the  fracture  surface  of 
PBT.  Takeuori  and  Morelli  (20). 


of  theae  systems  are  of  great  engineering  intereat  aa  adheaivea  and  compo- 
sitea,  but  they  will  not  be  diacuaaed  here. 

Crack  growth  in  epoxies  it  discontinuous  in  specimens  (tapered  double 
cantilever  beaai  or  double  torsion)  for  which  the  stress  intensity  is 
independent  of  crack  size.  The  phenomenon  is  not  well  understood,  but  the 
effect  of  the  various  variables  have  been  studied  most  extensively  by  Young 
and  co-workers  (21,23).  Figure  20  is  a  typical  load-tine  curve  during 
crack  growth  in  a  double  torsion  spacinen.  Initial  crack  growth  requires  a 
larger  load  than  to  propagate  the  crack;  the  crack  grows  for  a  while  with 
falling  load  until  it  arrests.  Figure  21  shows  the  fracture  surface  in 
which  ehe  crack  arrest  lines  are  clearly  visible  and  the  surface  between 
the  arrest  lines  is  nearly  featureless.  The  detail  of  the  arrest  lines 
varies  with  experiiMntal  conditions,  but  Figure  22  is  representative.  The 
arrest  lines  are  out  of  the  continuous  crack  plane,  suggestive  of  high 
local  plastic  deformation  and  crack  tip  blunting.  The  fine  lines  parallel 
to  the  growth  direction  are  also  usually  found,  but  unaxplained. 

The  experimental  conditions  that  lead  to  continuous  crack  growth  pro¬ 
duce  nearly  featureless  fracture  surfaces  like  the  regions  between  the 
crack  arrest  lines. 


Figure  20.  A  typical  load -time  curve  for  an  epoxy  during 
•tick-slip  creek  propagation. 
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Figure  21.  Frtccure  surface  of  double  torsion  epoxy 
specimen  showing  the  arrest  bands.  Young 
and  Beauoont  (23). 


1mm 


Figure  22.  Fine  atructure  of  a  crack  arreat  band  in 
epoxy.  Phillipa,  Scott  and  Jonea  (23). 


Increaaing  the  loading  race  decreaaea  the  difference  between  the  load 
for  initiation  and  at  arreat,  which  are  proportional  to  the  critical  attain 
energy  raleaae  race  for  both  condition.;  the  atrain  energy  releaae  at 
arreat  ie  independent  of  the  detonation  rate  of  the  teat. 

A  recent  atudy  (26)  of  the  temperature  dependence  of  fracture  in  an 
I  epoxy  retin  found  that  not  only  vaa  diacontinuoua  crack  growth  found  at 
high  Cempereturee ,  but  reappeared  at  very  low  tenperaturea.  The  fracture 
turface  had  the  tanc  general  appearance  aa  atick/alip  fracture  at  high 
tenperaturea ,  but  the  arreat  regiona  were  .one what  different. 

Other  variablea,  auch  aa  percent  cure,  curing  temperature,  amount  of 
hardner  affect  the  detaila  of  atick/alip  fracture.  For  example,  aging 
after  curing  decreaaea  the  height  of  the  arreat  tinea.  All  of  the  data 
auggeata  that  the  atick/alip  phenomenon  ia  related  to  the  ability  of  the 
crack  tip  to  blunt  which  ia  related  to  the  ability  of  the  epoxy  co  deform 
viacoualy;  Che  low  cenperature  atick/alip  phenomenon  nay  be  an  exception  to 
chia  generalization. 


IX- 16 


30 


ELASTOMERS 

Rubber  as  an  engineering  material  has  long  played  a  distinctive  role 
which  continues  to  increase,  with  the  design  demands  also  increasing.  New 
thermoplastic  elastomers  based  on  better  understanding  of  the  relationship 
of  properties  to  structure  are  being  developed  continuously.  However,  this 
survey  of  the  fractography  of  elastomers  will  be  restricted  to  the  classi¬ 
cal  rubbers,  which  is  beginning  to  be  studied  to  increase  our  understanding 
of  the  fracture  properties.  Fracture  in  rubber,  not  unlike  other  materi¬ 
als,  is  a  complex  process  with  stress  induced  mic rose ructural  changes 
occurring  in  the  crack  cip  region  and  various  fillers,  primarily  carbon 
black  (CB)  being  added  for  reinforcement,  and  various  other  ingredients 
which  may  or  may  not  alter  the  fracture  properties  and  surfaces. 

There  is  a  general  consensus,  as  in  other  materials,  the  rougher  the 
fracture  surface  the  greater  the  toughness.  Failure  initiated  in  the  cen¬ 
tral  region  of  Figure  23,  with  the  roughest  region  due  to  slow  crack  growth 
from  a  defect  possibly  an  inclusion  or  simply  an  inhomogenity  at  shown  in 
Figure  24.  Inhomogenities  can  exist  due  to  poor  mixing  during  compounding. 
The  region  removed  from  the  rough  zone  are  characteristic  of  rapid  growth 
with  tear  lines-  Figure  25  shows  a  more  developed  and  complex  pattern  of 
interconnected  tear  lines.  Understanding  the  origin  of  the  fracture  char¬ 
acteristics  is  just  developing  and  Gent  and  Pulford  (27)  have  recently 
suggested  that  many  of  the  fracture  features  are  related  to  the  linking  of 
secondary  cracks  in  the  crack  tip  region. 


Figure  23.  Fracture  eurface  of  an  unfilled  natural  rubber 
tenaile  specimen  with  initietion  site  on  left. 
Mathew  and  De  (25).  ISO 


Figure  24. 


Gel  particle  chat  could  serve  ss  a  crack 
initiator  in  rubber.  Eldred  (26). 
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Figure  25.  Fracture  surface  of  a  pre-c racked  unfilled 
rubber  epee ioen  showing  many  tear  ridges. 
Hathew  and  De  (25) .  XSO 


As  in  any  other  material  fatigue  is  a  major  aource  of  failure  in  rub¬ 
ber.  However,  fatigue  striations  are  not  uaually  observed,  but  surface 
roughness  decreases  as  the  fatigue  crack  growth  increases. 

Reinforcement  of  rubber  has  been  a  major  goal  of  rubber  science  and 
technology  for  many  years;  two  ways  to  affect  the  failure  properties  is  Co 
change  the  crosslink  density  via  Che  vulcanisation  process  and  to  add  car¬ 
bon  black.  Recently  De  and  co-workers  (25,28,29)  have  been  studying  the 
effects  of  processing  variables  on  ultimate  properties  and  the  effect  of 
these  variables  on  the  fracture  surface.  Figure  26  accentuates  the  change 
in  fracture  topography  that  occurs  by  comparing  a  relatively  highly  cros- 
alinked  but  unfilled  rubber,  with  a  lower  croaalink  density,  but  reinforced 
with  carbon  black. 

The  toughness  of  the  rubber  seems  to  be  correlated  with  the  nature  of 
the  tear  ridges;  Figure  27  at  higher  magnification  shows  that  some  of  the 
tear  lines  are  relatively  linear  while  in  a  material  with  higher  toughness 
the  tear  lines  are  mor^cos^lax  with  many  branches,  this  latter  type  of 
fracture  has  been  described  as  knotty  tearing. 

One  of  the  cn win  ingredients  of  most  commercial  rubbers  it  an  anti¬ 
oxidant,  to  delay  environmental  degradation  of  the  rubber.  The  effect  of 
anti-oxidanc  on  the  fracture  surface  after  aging  the  same  amount  of  time  is 
shown  in  Figure  28;  the  rubber  containing  the  antioxidant  shows  more  com¬ 
plex  tear  lines  or  more  knotty  tearing  and  retains  its  resistance  to  frac¬ 
ture  longer.  It  is  thought  that  the  anti-oxidant  reacts  with  the  fracture 
produced  free  redials  and  decreases  subsequent  degradation. 

Finally,  although  carbon  black  is  a  remarkable  reinforcing  agent  there 
has  been  a  search  for  other  reinforcing  fillers;  to  optimize  the  properties 
or  to  provide  the  possibility  of  tough  rubber  products  other  than  black 
ones.  Silica  treated  with  a  bonding  agent  works,  but  untrested  silica 
separates  from  the  rubber  creating  voids  tbst  degrade  the  fracture  resis¬ 
tance.  However,  the  economics  of  bonding  agents  is  prohibitive  for  all  but 
exceptional  cases. 

ASRASIOtl  OF  RUBBER 

Abrasion  of  rubber,  s  form  of  polymer  fracture,  perhaps  the  least 
understood,  affects  the  service  life  of  many  engineered  products.  The 
primary,  and  obvious  exasiple  is  the  abrasion  of  tires.  Many  advances  in 
tire  wear  resistance  have  occurred  through  design  (rsdial  tires)  and 
through  reinforcement.  Carbon  black  reinforceswnt  generally  leads  to  an 
order  of  magnitude  improvement  by  adding  a  cheaper  ingredient  (CB)  to  the 
more  expensive  rubber  matrix. 
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Figure  28.  The  effect  of  anti-oxidant  a)  natural  r.::«*r 
recipe  without  anti-oxidant  and  b)  with  i?zi- 
oxidant  both  after  the  same  aging  treztr=rc. 
Mathew  and  De  (25).  X50 


Tire  abrasion  has  been  studied  with  SEN,  but  it  is  not  z  -ature  field. 
Because  of  its  great  technological  interest  there  have  been  efforts  to 
develop  a  laboratory  abrade r  that  would  duplicate  abrasion  duv::..;  service, 
it  probably  will  be  no  surprise  that  these  efforts  have  not  're-r.  success¬ 
ful.  The  goal  of  a  laboratory  abrasion  test  would  be  to  rank  a;rfercnc 
tire  compounds,  but  the  different  tests  do  not  always  rank  the  :-=st  com¬ 
pounds  the  same  nor  in  the  same  order  as  field  tests.  Nevertheless ,  useful 
insight  has  been  gained  from  abrasion  tests  and  from  the  study  :f  the 
abraded  surface,  which  will  now  be  briefly  surveyed. 

First  Figure  29  shows  a  typical  abrasion  pattern  that  rrer.-ntiy 
develops  on  an  abraded  rubber  sample.  The  origin  of  the  abr.-?.:r.  pattern 
was  first  studied  by  Scha  1  lar.iach  (31)  to  understand  its  relaticr.  to  wear 
rate,  but  the  complex  processes  involved  are  not  well  understate. 

Figure  30  shows  the  development  of  "macroridges"  from  a  Icrtratorv 
wear  test,  similar  ridges  are  observed  on  tires.  The  origin  these 
ridges  may  best  be  understood  with  the  schematic  shown  in  Ficuri  31  for 
abrasion  with  a  laboratory  devidc  called  a  knife  abrader  -  the  *r.ile  is 
usually  a  razor  blade.  As  the  blade  passes  the  ridge  the  abraf  : : is  con¬ 
centrated  on  the  base  folding  the  ridge  over  the  trailing  mater.il  which  is 
protected.  As  would  be  predicted  the  wear  pattern  on  the  leai.-_  edge,  top 
of  ridge  and  trailing  edge  are  significantly  different  as  shc*-r  ir  tgure 
32.  The  base  takes  the  brunt  of  the  wear.  Southern  and  Thor. is  32)  have 
analyzed  this  process  in  terms  of  the  fracture  mechanics  and  izi.; uo  crack 
growth  from  the  base  of  the  ridge.  However,  this  is  probably  r  :  the  only 
process  since  the  ridge  tip  is  finally  weakened  and  fractured  :::  ing  a 
wear  particle.  Thus,  it  is  probable  that  the  complex  wear  pr:;-  ■ f  consists 
of  both  crack  growth  and  tensile  fracture.  The  fracture  reci.-ir  ;  model 
correlates  fatigue  crack  growth  data  and  wear  data  for  until  I.-!.  -  n- 
crystallizing  rubbers,  but  not  rQr  other  rubbers. 
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Figure  30.  A  cross-section  showing  the  development 
of  the  abrasion  pattern  that  develops  in 
tire  and  laboratory  tests.  Southern  and 
Thomas  ( 32)  . 


Figure  31.  Schematic  of  abrasion  pattern  diielcpr.ent 
during  a  knife  abrasion  test,  -rang  (30). 


The  effect  of  CB  filler  on  the  abrasion  patter-  is  particularly 
interesting,  since  Che  filler  leads  to  significant  wear  resistance.  Figure 
JJ  compares  the  abrasion  surface  of  filled  and  unfilled  natural  rubber 
wh.ch  appear  very  different;  the  filled  rubber  develops  the  abrasion  pat¬ 
tern  which  is  clearly  visible;  but,  the  surface  of  chi  unfilled  rubber  is 
covered  with  debris.  The  debris  forms  from  che  detao-ren:  of  small  rubber 
particles  chat  aggregate  and  adhere  to  the  rubber  surface. 
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Figure  32. 


Fracture  surfaces  of  abrasion  ridge 
b)  top  and  c)  protected  surface. 
Stupak  (33) . 


a)  base, 
?ak  and 
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Abrasion  surface  of  a)  unfilled  natural  rubber 
and  b)  filled  natural  rubber.  5hovr>ick  (34).  X350 


The  effect  cf  blending  NR  and  S 
optimize  abrasion  resistance, 
and  b)  75/25  NR/BR.  Both  rubbe 
with  CB .  Mathew  and  De  (35). 


cli.ip  15 K.  Since  the  fracture  properties  are  related  to  t re  viscoelastic 
properties  the  SBR  rubber  shows  a  deeper  wear  pattern  and  greater  wear  rat 
than  the  HR  rubber  tested  under  similar  conditions. 

However,  the  increase  in  fatigue  crack  growth  rate  : s  nucl  greater 
than  the  increase  in  wear  rate.  Which  suggests  that  the  fatigue  crack 
growth  model  for  wear  is  not  the  complete  story. 

The  effect  of  load  on  wear,  which  would  increase  the  frictional  force 
and  the  fatigue  crack  growth  rate  leads  to  greater  abrasion  and  the  esta¬ 
blishment  of  different  abrasion  patterns  on  the  samples  as  shown  m  Ficur^ 

ik  b 


Figure  35.  The  effect  of  load  on  the  abrasion  ratcerr. 

developed  on  filled  SBR.  Southern  ar.d  Thc~as 
(32)  . 


SUMMARY 

Fractography  of  glassy,  semi-crystalline  thermoset  ar.c  rubbery  polym¬ 
ers  were  surveyed.  The  unique  features  of  each  class,  such  as  crazing  in 
glassy  polymers,  stick/slip  fracture  and  abrasion  of  rubber  as  a  form  of 
fracture  were  discussed.  Evidence  for  the  effects  of  molecular  weight, 
percent  crystallinity  and  environment  on  fracture  of  specific  polymers  was 
presented.  Such  f rac tograph ic  evidence  has  been  very  heirful  in  under¬ 
standing  the  fracture  characteristics  of  polymers;  and  as  che  use  of  frac¬ 
tography  of  polymers  increases,  and  techniques  develop  ever,  greacer  under¬ 
standing  will  be  achieved. 


REFERENCES 

1.  White,  J.  R.  and  E.  L.  Thomas,  Rubb.  Chem.  and  Tech.  f_L,  457  (  1984). 

2.  Ishihawa,  M.  and  I.  Narisawa,  J.  Mat.  Sci.  IS.,  1947  (  1983). 

3.  Beahan,  P.,  M.  Berris  and  D.  Hull,  Phil.  Mag.  2A,  1267  (1971). 

4.  Kramer,  E.  J.  in  PeYfilopment in  Polymer  Fracture,  ed  .  E.  H.  Andrews, 

App.  Sci.  Pub.  London  55  (1979). 

5.  Doyle,  M.  J.,  J.  Mat.  Sci.  H,  204  (  1982). 

6.  Doyle,  M.  J.,  A.  Maranci,  E.  Orowan  and  S.  T.  Stork,  Proc.  ?.  Soc . 

lond.  A.  2 21,  137  (  1972)  . 

7.  Murry,  J.  and  D.  Hull,  J.  Poly.  Sci.  583  (1970). 

8.  Doyle,  M.  J.,  J.  Mat.  Sci.  11,  760  (1982). 

9.  Cornes  ,  P.  L.  and  R.  N.  Howard,  Polymer  JL5.»  149  (  197-'  . 


38 

IX-24 

10.  Skibo,  H.  0..  R.  U.  Herteberg,  J.  A.  Hanson  and  S.  t.  Kline,  J.  Hat. 

Sci.  12.  531  (  1977). 

11.  Takeaori,  H.  T-,  Poly.  Eng  and  Sc  i .  £2,  937  (  1982). 

12.  Keith,  H.  D.,  F.  J.  Padden  and  R.  C.  Vadimsky,  J.  App .  Phy .  47 . 

4585  (  1971). 

13.  Keicb.  H.  D.  and  F.  J.  Padden,  J.  App.  Phys.,  li,  1286  (  1964). 

14.  Keller,  A.  J..  Poly  Sci.  li,  151  (1959). 

15.  Norton,  D.  R.  and  A.  Keller,  J.  Hat.  Sci.  li,  447  (  1984). 

16.  Schulte,  J.  M..  Poly.  Sci.  and  Eng.  24,  770  (1984). 

17.  Freidrich,  K.  and  Fakirov,  J.  Hat.  Sci.  22.  2807  (  1985). 

18.  Bret z,  R.  V.,  R.  W.  Herteberg  and  J.  A.  Hanson,  J.  Mat.  Sci.  li, 

2070  (1981). 

19.  Prabhat,  K.  and  J.  A.  Donovan,  Polymer  li,  1963  (1985). 

20.  Morelli,  T.  A.  and  M.  T.  Takemori,  J.  Mat.  Sci.  li.  385  (1984). 

21.  Yaaini,  S.  and  R.  J.  Young.  J.  Mat.  Sci.  14,  1609  (1979). 

22.  Phillips,  D.  C.,  J.  M.  Scott  and  M.  Jones,  J.  Mat.  Sci.  11,  311 
(1978)  . 

23.  Young,  R.  J.  and  P.  W.  R.  Beaumont,  J.  Hat.  Sci.  Lett.  U,  776 
(  1976). 

24.  Scott,  J.  M..  C.  M.  Wells  and  0.  C.  Phillips.  J.  Mat.  Sci.  li. 

1436  (1980). 

25.  Mathew,  M.  M.  end  S.  D.  De.  Polymer  24,  1042  (1983). 

26.  Eld  red .  R.  J.,  J.  Poly.  Sci.  Poly.  Lett.  Id.  391  (1972). 

27.  Cent,  A.  and  C.  T.  R.  Pulford,  J.  Mat.  Sci.  li.  3612  (1984). 

28.  Pal.  P.  K.  and  S.  K.  De,  J.  Appl.  Poly.  Sci.  li,  659  (1983). 

29.  Chakraborty,  S.  K.,  A.  R.  Bhowaick,  and  S.  K.  De,  Rubb.  Chea. 
and  Tach.  SI.  321  (1980). 

30.  Zhang,  S.  V..  Rubb.  Chea.  and  Tech.  51.  755  (1984). 

31.  Schallaaaeh,  A.,  Trans.  Inst.  Rubb.  Ind.  li,  256  (1952). 

32.  Southern,  P.  and  A.  C.  Thomas,  Rubb.  Chea.  and  Tech.  51,  1008  (1979). 

33.  Stupak,  R.  E.  and  P.  R.  Stupak,  Unpublished,  University  of 
Massachusetts,  Aaherst. 

34.  Bhovnick,  A.  K.,  Rubb.  Chea.  and  Tech.  Si,  10  5  5  (1982). 

35.  Mathew,  N.  M.  and  S.  K.  De,  J.  Mat.  Sci.  li,  515  (1983). 


39 


APPLICATIONS  OF  THE  J-INTECRAL  TO  FRACTURE 
OF  NON-ELASTIC  RUBBER 


J . A .  DONOVAN,  D.J.  LEE,  AND  R.F.  LEE 

Department  of  Mechanical  Engneering,  University  of 
Massachusetts,  Amherst,  MA  01003. 


INTRODUCTION 


It  is  difficult  to  determine  valid  fracture  characterizing 
parameters  for  non-linear,  non-elastic  materials  like  carbon 
black  filled,  natural  rubber.  The  classic  tearing  energy  ap¬ 
proach  developed  by  Rivlin  and  Thomas  (1)  must  be  modified  for 
the  energy  dissipated  by  hysteresis  (2).  The  J-integral  ap¬ 
proach  introduced  by  Rice  (3)  and  initially  applied  by  Begley 
and  Landes  (4)  to  metals  and  by  William  (5)  to  polymers  has 
been  shown  to  yield  valid  parameters  that  characterize  crack 
initiation  in  these  non-elastic  materials.  Oh  (6)  showed  in 
rubber  that  the  J  integral  gave  the  same  results  as  the  tearing 
energy  method  at  deformations  less  than  required  to  initiate 
crack  growth.  The  objective  of  the  current  study  was  to 
develope  te3t  procedures  based  on  the  J  integral  concept,  and 
determine  the  critical  J  for  initiation  of  crack  growth,  and 
evaluate  the  critical  parameters  as  material  properties. 

Carbon  black  filled,  natural  rubber  was  chosen  because  it 
is  a  highly  dissipative  material  and  a  severe  test  of  the 
validity  of  the  J  integral  concept.  The  J  integral  was 
evaluated  by  1)  multiple  specimen  tests  of  Mode  I  (tension)  and 
mixed  mode  (tension  plus  shear)  and  2  )  single  specimen  tests 
of  the  effect  of  carbon  black  on  crack  initiation.  The  results 
show  that  the  J  integral  provides  a  basis  for  valid  and  rela¬ 
tively  simple  evaluation  of  fracture  resistance  in  highly 
dissipative  elastomers. 


J-INTEGRAL  CONCEPT 


The  J-integral  on  any  path  r  surrounding  the  crack  tip  is 
defined  as 


J 


/  (Wdy  -  T  da) 


(1) 


where^  is  the  strain  energy  density,  T  is  the  traction  vec¬ 
tor,  —  is  the  displacement  gradient,  and  s  is  the  arc  length 
(3).  dft  can  be  represented  equally  well  by 


1  H 

B  3a 


(2) 


i.e.,  the  negative  change  in  potential  energy  U  per  unit  thick¬ 
ness  B  for  an  incremental  change  in  crack  length  a.  That  i3,  J 
1 3  proportional  to  the-  area  between  the  load-displacement 
curves  of  specimens  with  cracks  of  length  a  and  a  ♦  da,  respec¬ 
tively  (Fig.  1).  For  conditions  that  satisfy  linear  elastic 
fracture  mechanics  J  -  (1  -  va)  Ka/E  -  G,  where  K  is  the  stress 
intensity,  E  is  the  modulus,  v  is  Poisson's  ratio  and  G  is  the 
strain  energy  release  rate.  The  J-integral  may  be  Interpreted 
in  two  ways:  (a)  the  intensity  of  the  elastic-plastic  deforma¬ 
tion  and  stress  field  in  the  crack  tip  region  or  (b)  the  change 
in  energy  of  the  cracked  body  due  to  a  small  extension  of  the 
crack. 


FIGURE  1 .  Load-displacement  curves 
for  specimens  with  cracks  of  size 
a  and  a+da.  The  dashed  lines  re¬ 
present  the  un-loading  curves. 


FIGURE  2.  The  geometry 
of  a  blunt  notch  with 
fiducial  lines  for  local 
measurement  of  extension. 


Begley  and  Landes  (H)  proposed  that  the  value  of  J  at 
crack  initiation  J  be  a  fracture  criterion  and  showed  it  to  be 
a  material  property  for  specimens  that  exhibit  large  amounts  of 
plasticity  before  fracture.  Hence,  J  can  be  used  to  charac- 
terize  fracture  in  ductile  materfals  and  is  known  as  the 
ductile  fracture  toughness,  analogous  to  G  in  linear  elastic 
fracture  mechanics.  However,  since  sustained  crack  growth  in 
ductile  materials  requires  additional  energy,  the  J-integral 
value  for  initiation  is  conservative. 

Schapery  (7)  theoretically  justified  the  use  of  the  J- 
integral  as  a  failure  criterion  in  non-horaogenou3,  viscoelastic 
media. 

The  line  integral  definition  provides  an  analytical  method 
for  evaluating  the  J-integral  and  has  been  shown  by  Oh  (6)  to 
represent  the  state  of  stress  and  strain  in  elastomers.  Rice 
(8  )  also  showed  that  if  the  lntergration  path  was  taken  along 
a  blunt  notch,  rather  than  for  a  3harp  crack. 


J  -  /W  dy 


(3) 


and  provided  another  method,  particularly  interesting  for  the 
study  of  elastomers.  In  fact  Thomas  (9)  arrived  at  the  equiv¬ 
alent  expression  of  tearing  energy 


T  -  R  /W  d  sine 


CM) 


where  R  is  the  notch  tip  radius,  W  the  local  strain  energy  den¬ 
sity  and  9  the  angle  from  the  center  line  of  the  notch.  Figure 
2,  about  30  years  ago. 


EXPERIMENTAL  PROCEDURE 


A  natural  rubber  recipe,  compounded  by  B.F.  Goodrich,  with 
carbon  black  contents  of  0,  10,  25  or  40  pph  was  used  for  all 
tests.  The  multiple  specimen  results  for  Mode  I  and  mixed  mode 
loading  were  done  only  with  MO  pph  carbon  black,  while  the 
results  based  on  the  crack  tip  region  were  obtained  with  all 
four  carbon  black  compositions. 


Single  edge  notched  specimens  with  sharp  or  blunt  notches 
of  different  lengths,  widths  and  pre-crack  lengths  were  tested 
at  21  °C  and  a  displacement  rate  of  1  cra/min.  The  sharp  cracks  ’ 
were  made  by  cutting  the  rubber  with  a  razor  blade;  the  crack 
angle  (8)  varied  between  0  and  65®  (Fig.  3a).  The  blunt 
notches  were  made  by  drilling  a  hole  with  a  sharp  hollow  cir¬ 
cular  cutter  lubricated  with  water.  Blunt  notches  with  radii 
1  ,  2  and  3  mm  were  made,  then  the  sides  of  the  notches  were 
cut  away  with  a  sharp  razor  blade  (Figure  3b). 


y 

• 

_ i _ _ 

FIGURE  3.  The  specimen  dimensions  for  a)  pre-cracked  and  b) 
pre-notched  specimen. 


The  region  around  the  notch  tip  was  coated  with  white  pow¬ 
der  so  that  a  series  of  fine  radial  lines  could  be  made  in  the 
notch  tip  region.  The  spacing  between  the  lines  was  measured 
with  the  aid  of  a  10  x  filar  eyepiece.  Based  on  these  measure¬ 
ments  the  extension  ratio  as  a  function  of  position  was 
determined  and  was  the  basis  for  calculating  the  critical  J  in¬ 
tegral  at  initiation. 

The  above  procedure  is  not  applicable  for  sharp  cracks, 
therefore  J  ,  suggested  by  results  for  a  Dugdale  Zone  (8),  was 
defined  as  S 


43 


J_  -  fad6  (5) 

6 

where  a  is  the  net  section  stress  and  6  the  crack  tip  diameter. 
J,  was  determined  and  compared  to  JQ. 

Crack  initiation  was  identified  by  coating  the  crack  sur¬ 
face  with  the  white  powder,  as  loading  increased  the  region  in 
the  crack  tip  developed  a  new  surface  delineated  by  the  white 
powder  was  taken  as  crack  initiation  in  the  multiple  specimen 
tests.  Crack  initiation  as  defined  differenly  for  the  single 
specimen  tests  as  the  first  visible  3ign  of  peeling. 
Therefore,  the  results  are  consistently  higher  for  the  single 
specimen  tests  compared  to  the  multiple  specimen  tests. 
Additional  work  is  being  done  to  refine  identification  of  the 
initiation  event. 

Conventional  tensile  tests  (smooth  specimens)  to  determine 
stress-extension  ratio  curves  and  the  stored  energy  as  a  func¬ 
tion  of  extension  ratio  were  also  measured  at  21 °C  and  a 
displacement  rate  of  1  cm/min. 


RESULTS 


Mode  I 

Initial  loading  of  the  pre-cracked  specimens  (B-0)  blunted 
the  razor  cut  until  a  crack  initiated.  Since  initiation  was 
relatively  easy  to  observe,  the  load  and  extension  at  initia¬ 
tion  were  easily  determined.  Almost  immediately  after  the 
crack  initiated  renewed  blunting  of  the  crack  occurred  a  the 
load  increased.  The  Initiation  event  was  not  apparent  on  the 
load-extension  curve.  Blunting,  with  little  slow  stable  crack 
growth,  continued  with  extension  until  unstable  crack  growth 
fractured  the  specimen. 

The  area  under  the  load  extension  curve  is  the  energy 
stored  in  the  specimen.  In  the  pre-cracked  or  pre-notched 
specimens  the  force-displacement  field  is  non-uniform,  there¬ 
fore  the  energy  density  is  non-uniform  and  greatest  in  the 
vicinity  of  the  crack  tip.  The  total  energy,  the  area  under 
the  load-extension  A  curve,  is  shown  in  Figure  4  a  a  function 
of  pre-crack  lengthSIfor  various  values  of  extension.  The  slope 
of  these  curves  ( )  gives  J  and  it  is  shown  in  Figure  5  as  a 
function  of  extensiofi.  J(A)  and  extension  ratio  at  initiation 
are  sufficient  to  determine  J  at  initiation. 


J 


FIGURE  4.  Stored  energy  as  a  func-  FIGURE  5.  The  J-integral 
of  pre-crack  aize  at  different  aa  a  function  of  extenalon 

extenaiona.  ratio;  the  "X"  marks  the 

Initiation  for  a  specific 
pre-crack  size. 


The  critical  values  of  J  at  initiation  were  determined 
from  Figure  5  for  values  of  the  extension  at  initiation  and  are 
shown  in  Figure  6  as  a  function  of  specimen  length  and  pre¬ 
crack  size.  The  critical  J  value  is  a  function  of  the  pre¬ 
crack  size,  but  independent  of  specimen  length.  However, 
Figure  7  shows  that  the  critical  extension  at  initiation  is  a 
linear  function  of  specimen  length  and  the  curves  extrapolate 
to  a  common  Intercept,  similar  to  results  found  by  Agarwal  et 
al  (10)  for  composites.  These  data,  therefore,  allow  the 
energy  release  rate  to  be  partitioned  between  the  crack  tip 
region  and  away  from  the  crack  tip. 
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FIGURE  6.  Critical  J-integral  as  a  FIGURE  7»  Critical  ex- 
functlon  of  specimen  length  and  tension  as  a  function  of 

pre-crack  size.  specimen  length  and  pre- 

crack  size. 


The  J  value  obtained  at  the  critical  extension  in  the 
hypothetical  zero  length  specimen  AQ  represents  the  critical 
energy  release  rate  in  the  crack  tip  region  to  Initiate  a 
crack,  which  is  independent  of  specimen  length  and  crack  size. 
This  value  was  obtained  by  converting  the  extension  for  the 
hypothetical  zero  length  specimen  to  the  extension  ratio  for 
the  actual  length  of  the  tested  specimen  X  -  (A  ♦  1  )/l  . 
With  this  XQ  the  J  value  representing  the  critical  strain 
energy  release  rate  in  the  crack  tip  region  was  found  from 
Figure  5  to  be  10.8  kN/m  for  all  specimen  lengths  tested. 

The  total  energy  stored  in  the  pre-cracked  specimens  at 
Initiation  as  a  function  of  specimen  length  Is  shown  in  Figure 
8.  These  data  for  a  specific  pre-orack  size  can  be  extrapo¬ 
lated  as  straight  lines  to  zero  specimen  length  and  this  energy 
also  can  be  interpreted  as  the  energy  required  In  the  crack  tip 
region  to  Initiate  the  crack. 


1  3U 

Since  J  is  defined  as  -  —  (t-)  then  the  slope  of  U  for  £  - 
0  as  a  function  of  pre-crack  length  would  be  equivalent  to  the 
critical  J  value  for  the  crack  tip  region  to  Initiate  the 
crack.  These  data  are  shown  in  Figure  9  and  the  3lope  of  the 
line  is  12  kN/o  virtually  the  same  as  obtained  from  the  criti¬ 
cal  extension  at  l  -  0,and  Figure  5. 


FIGURE  8.  Stored  energy  at  initia-  FIGURE  9.  Total  stored 

tion  as  a  function  of  specimen  energy  at  initiation  in 

length  and  pre-crack  size.  a  "zero"  length  specimen. 


Mixed  Mode 

The  results  of  the  multiple  specimen  tests  to  determine 
the  critical  conditions  for  mixed  mode  loading  conditions  were 
analyzed  In  the  same  way  as  the  results  for  Mode  I  studies. 
Attempts  to  measure  the  critical  conditions  for  pure  Mode  II 
were  unsuccessful  because  the  specimen  buckled  due  to  the  load¬ 
ing  conditions.  The  results  for  the  critical  J  value  in  the 
crack  tip  region  as  a  function  of  B  are  shown  in  Figure  10. 


FIGURE  10.  Critical  J- integral  for 
initiation  as  a  function  of  crack 
angle.  And,  the  contribution  of 


FIGURE  1 \ .  The  ratio  of 
crack  opening  displace¬ 
ment  in  mixed  mode  to 
pure  Mode  I  at  the 
critical  extension  for  a 
"zero"  length  specimen. 


Mode  II  loading  does  not  cause  any  crack  tip  opening, 
therefore  as  a  means  for  partitioning  the  contribution  of  Mode 
II  to  the  fracture  process  the  crack  opening  displacement  S  was 
measured  at  the  critical  extension  ratio  for  the  zero  length 
specimen  as  a  function  of  B.  The  ratio  n  of  crack  opening  dis¬ 
placement  6  for  any  value  of  6  to  5(B*0)  is  shown  in  Figure  11. 
Based  on  this  experimental  result  and  since  it  is  known  that  Jj 
is  proportional  to  6  (3)  then 


Ishikawa  et  al  (11)  analytically  proved  that 


I  #11 


J  ♦  J 
I  II 


then  it  follows  that 


TT  •  n  JT  *  (y)  JTT 
1,11c  Ic  lie 


where  Y  is  an  unspecified  proportionality  factor.  J.  ^  as  a 
function  of  n  is  shown  in  Figure  12  and  a  linear  extrapolation 
of  the  data  gives  the  critical  as  19  kN/m  and  Y  ■  (1  ~  n). 


FIGURE  12.  Critical  mixed  mode  for  FIGURE  13.  Energy  den- 
J-integral  as  a  function  of  crack  slty  a  a  function  of 

opening  displacement  ratio.  sins  for  a  specimen  with 

an  initial  radius  of  2mm. 


The  extension  ratio  as  a  function  of  position  along  the 
notch  tip  for  different  notch  radii  were  measured,  converted  to 
energy  density  obtained  from  tensile  test3,  and  are  shown  in 
Figure  1 2  as  a  function  of  sin  0  for  different  imposed  notch 
radii.  These  data  were  obtained  in  specimens  of  different 
length  i. ,  width  w,  pre-notch  radius  Rp  and  pre-crack  length  a. 
The  data  were  independent  of  these  variables,  except  for  Rp, 
within  experimental  error.  The  J-integral  was  then  determined 
according  to  Equation  4  by  Intergrating  the  area  under  the  W- 
sin  0  curve  and  is  shown  in  Figure  1 3  as  a  function  of  the 
notch  tip  radius  and  shows  that  it  is  independent  w,  l,  and  a. 
The  J  value  required  for  initiation  of  crack  growth  from  a 
blunted  pre-crack  can  be  obtained  by  this  procedure  if  the 
notch  radius  at  initiation  is  known.  Similar  data  were  ob¬ 
tained  as  a  function  pre-notch  tip  radius,  specimen  geometry 
and  carbon  black  content. 

This  procedure  is  tedious  and  cannot  be  applied  to  sharp 
cracks.  Therefore,  the  net  section  stress  was  measured  as  a 
function  of  crack  tip  radius  and  found  to  be  independent  of  l, 
w  and  a  (Figure  14).  These  data  were  used  in  Equation  5  to 
calculate  J  and  are  shown  in  Figure  15.  The  J  was  found  to 
be  equal  to6 2. 04  times  J  with  a  standard  deviation  of  0.14  for 
35  different  combinations  of  l,  w,  a  and  carbon  black  content. 

The  critical  value  of  J  and  J.  were  determined  by  follow¬ 
ing  the  above  procedures  and  noting  the  critical  radius  at 
crack  initiation;  Figure  16  shows  J  as  a  function  of  the  pre¬ 
notch  radius  and  carbon  black  content.  J,  is  a  linear  relation 
of  pre-notch  radius,  including  the  data  obtained  for  a  sharp 
pre-crack,  and  also  carbon  black  content  increases  the  critical 
energy  release  rate  necessary  for  crack  initiation. 


FIGURE  14.  Net  section  stress  as  FIGURE  15.  J 

a  function  of  crack  tip  radius  In  function  of  n 

different  geometry  pre-craeked 
specimen. 


FIGURE  16.  J  at  crack  initiation  as  a  function  of  carbon 
black  content  Tor  specimen  with  different  pre-notch  radii. 


DISCUSSION 


It  has  been  demonstrated  that  the  J  Integral  describes  the 
critical  conditions  for  crack  initiation  In  carbon  black 
filled,  natural  rubber,  a  non-linear,  non-elastic  material. 
However,  the  critical  values  determined  by  the  multiple 
specimen  method  decrease  with  Increasing  pre-crack  size.  But, 
analysis  of  the  critical  extension  as  a  function  of  crack  size 
and  specimen  length  shows  that  a  unique  value  of  the  extension. 
Independent  of  the  crack  size  and  specimen  length  is  obtained 
for  the  hypothetical  zero  length  specimen.  Calculating  the 
critical  J  with  this  value  of  extension  gives  a  geometry  inde¬ 
pendent  material  property  that  Is  a  valid  measure  of  the 
resistance  of  the  rubber  to  crack  initiation.  This  critical  J 
is  the  critical  strain  energy  release  rate  in  the  crack  tip 
region  for  crack  initiation.  The  J  value  determined  by  the 
usual  multiple  specimen  procedure  represents  the  total  J  re¬ 
quired  and  is  not  Independent  of  crack  size. 


The  J  integral  approach  also  allows  the  determination  of 
the  critical  conditions  for  crack  initiation  under  mixed  mode 
loading  conditions.  Mixed  mode  loading  may  be  important  for 
some  practical  situations,  such  as  wear.  By  measuring  the 
critical  J  value  as  a  function  of  B  it  was  possible  to  estimate 
the  critical  J  value  for  pure  Mode  II  loading  as  about  18  KN/m. 
The  basis  for  this  prediction  involves  two  assumptions:  1) 
that  the  crack  opening  in  mixed  mode  loading  is  due  to  the  Mode 
I  contribution  alone  and  2)  that  the  relationship  of  ^  to 
n  is  linear  over  the  entire  range  of  n.  The  first  assumption 
seems  realistic,  but-  the  second  is  less  certain.  However,  ac¬ 
tual  measurements  of  don't  appear  to  be  possible  because 
of  buckling  of  the  specimen,  therefore  this  extrapolated  value 
is  believed  to  be  the  best  approximation  available. 

The  experimental  procedures  used  to  determine  the  critical 
J  values  by  the  multiple  specimen  procedure  are  involved  and 
time  consuming.  However,  by  considering  the  net  section 
stress  and  deflection  in  the  crack  tip  region  it  is  possible  to 
determine  the  critical  strain  energy  release  rate  in  the  crack 
tip  region  from  a  single  specimen  test.  That  is  the  material 
property  that  is  a  measure  of  the  resistance  of  the  material  to 
crack  initiation.  It  was  shown  that 


J  -  /  a  dS 


equals  one  half  the  true  J.-  value  that  follows  from  measure¬ 
ments  of  the  local  strain  energy  density  and  crack  tip  diameter 
as  suggested  by  Thomas  (9)  and  Rice  (8).  This  therefore  makes 
it  possible  to  measure  the  material  property  in  a  highly  dis¬ 
sipative  material  simply  by  measuring  the  load  and  crack  tip 
diameter. 

Based  on  this  simple  single  specimen  procedure  it  was  easy 
to  show  the  linear  dependence  of  the  fracture  properties  on 
carbon  black  content.  Therefore,  this  procedure  provides  an 
interesting  and  simple  way  to  study  the  effect  of  carbon  black 
on  fracture  properties. 


CONCLUSIONS 


It  was  shown  that  the  critical  J  integral  for  crack  in¬ 
itiation  in  carbon  black  filled,  natural  rubber  is  a  valid 
material  property  (independent  of  specimen  geometry)  that 
describes  the  materials  resistance  to  crack  initiation.  Either 
multiple  or  single  specimen  procedures  could  be  used  to  study 
the  effect  of  other  variables,  such  as  carbon  black  content,  on 
fracture  properties. 


ACKNOWLEDGEMENTS 


The  financial  support  of  the  US  Army  Research  Office- 
Durham  and  the  Transportation  System  Center,  US  Department  of 
Transportation  of  this  work  is  gratefully  acknowledged.  One  of 
us,  R.F.  Lee,  also  appreciates  the  award  of  a  Cabot  Foundation 
Fellowhip.  We  would  like  to  thank  the  B.F.  Goodrich  Co.  for 
supplying  the  material. 


REFERENCES 


1.  R.S.  Rivlin  and  A.G.  Thomas,  "Rupture  of  Rubber,  I. 
Characteristic  Energy  for  Tearing",  J.  of  Polymer 
Science,  1_0,  (1953)  291. 

2.  A.  Ahagon,  A .  N .  Gent,  H.J.  Kim  and  N.  Kumagai, 
"Fracture  Energy  of  Elastomers  in  Mode  I  and  Mode 
III,"  Rubber  Chem.  Tech.  48  ,  (1975)  896, 

3.  J.R.  Rice,  "Mathematical  Analysis  in  the  Mechanics  of 
Fracture,"  in  Fracture  -  An  Advanced  Treatise.  2, 
Academic  Press  NY  (1968)  191. 

4.  J.A.  Begley  and  J.D.  Landes,  "The  J-integral  as  a 
Fracture  Criterion,"  in  Fracture  Toughness  ASTM  STP 
514,  Phil.  (1972)  1. 

5.  J.M.  Hodgkison  and  J.G.  William,  "J  and  G  analysis  of 
the  Tearing  of  a  Highly  Ductile  Polymer,"  J.  Mat.  Sci. 
16  (1981)  50. 

6.  H.L.  Oh,  "A  Simple  Method  for  Measuring  Tearing  Energy 
of  Nicked  Rubber  Strips,"  Mech.  of  Crack  Growth,  ASTM 
STP  590  (1976)  104. 


7.  R.A.  Schapery,  "On  the  Analysis  of  Crack  Initiatin  and 
Growth  in  Non-Homogenous  Viscoelastic  Media,"  Fracture 
Mechanics,  Am.  Math.  Soc.,  SIAM-AMS  Proceedings,  \2 
(1978)  137. 

8.  J.R.  Rice,  "A  Path  Independent  Integral  and  the 
Approximate  Analysis  of  Strain  Concentration  by 
Notches  and  Cracks,"  J  of  Appl.  Mech.  J5  (1968)  379. 

9.  A.G.  Thomas,  "Rupture  of  Rubber.  II.  The  Srain 
Concentration  at  An  Incision,"  J.  of  Polymer  Science," 
18  (1955)  177. 

10.  B.D.  Agarwal,  B.S.  Patro,  and  P.  Kumar,  "J  Integral  as 
Fracture  Criterion  for  Short  Fiber  Composites:  An 
Experimental  Approach,  Eng.  Frac.  Mech,  1_9,  ( 1984) 
675. 

11.  H.  Ishikawa,  H.  Kitegawa,  and  H.  Okamura,  "J  Integral 
of  a  Mixed  Mode  Crack  and  its  Application,"  ICM  3,  3, 
Cambridge,  England,  August  (1979). 


RUBBER  CHEMISTRY  AND  TECHNOLOGY  Vol.  60 


56 


RUBBER  CHEMISTRY  AND  TECHNOLOGY  Voi..  60 


(jj^)SS3blS  NOI133S  13H 


(A 

3 

2 

< 

x 


2 

O 

u. 

Ul 

o 


2*2 
r  w 

2  1 
u  5 

11 

12 
2  5. 

0  s 

Si 

C  «• 
*  -8 


it 


ctf 

Z 


C 

z 


!y 

Jy 

n 

2 

“5 
3  w 

”Z 

= 

rs 

.  ” 

“3 

— • 

“ 

v— 

.  “ 

— 

— 

-3 

u 

y 

J 

5 

>- 

3J 

2  ■=“ 
r  ?“ 

•fl 

C 

y 

y 

J 

~ 

3 

“5 

* 

j 

y 

"3 

u  ^ 

k. 

y 

yj 

1; 

“ 

$ 

3 

1 

M.lll 

u 

2 

3 

y 

2_ 

3  3 

•2  § 
to  u 

’5j 

u 

5 

!5 

V 

* 

73? 

y 

u 

w 

u  u 

u  •  — 

w 

C 

.  “ 

2 

_2 

D  / 


-=  J 


■s  *  * 
■Ji  8 

ill 

1-8  S 

•5  m  «— 
“so 

.=  i  8 

s  -5  S 

a  r. « 

•r-S“ 

o  <«  £ 

1  e-s 

s  a  u 

s  >  § 
«  '  ! 

*  8  * 

„  x  JS 

J2  u  - 

a  i  * 
5  si 

S  a  3 

*  JB  ■§ 

-C  “  w 

BerS  2 

S  -C  s 

JB  *  3 


i  2- 

*2 

_u  O 

*1?  o 

-  C 

-c  V 

11 

SS  o 

8  S 

3  -8 

is 


tf  c 
y  'S 


2  C 


-  JS 

I  "I 


•=J5  a  i 


o  2 

2  g 

u  8 

1  s 

■o  — 
e  _ 

3  I* 

1  =  2 

S  '&£ 
a  u  o 
u  ^  8 
9-h  'jj 

2  l 

«e  (V 


3 

2  O 
^  c 

E  .2 

Y  “ 
8  = 
■£  *2 

3  * 

H 

co  x 

.  y 

8  o 
U  c 

Cl.  C 

3  S.-S 


3^ 

ri  2-  2 

3  -i  *5 

*  y  . 
-3  fl  2 

It  u  " 

So  °  U 
j?2  .5 
s  **  3 
*7  bo  5 

g  5  “2 

•»  ax 

B  I  3 

^2 

r§-i 

*  g  «* 

3  fc"8 


-=  s 
i  L 


“  * 


2  -21 
5  -a 

v  i 
y  a 
JS  i 

L.  — 

3  — 

(/>  u 


U 

* 

u 

u 

V 


3  E 

■8  " 


* 

-3 

& 


2  -2 

a  > 
*  -S 


ji  § 
*  2 
x  <« 

O  tfl 

«  B 

■S  6 

.3  U 

5  X 


J  j 
v 
x 

c 
8 
3 

t  —  - 

5  X 


RUBBER  CHEMISTRY  AND  TECHNOLOGY  Vol.  60  CRACK  INITIATION 


«  a t 

P  < 

**  uJ 

U  = 

z  4/5 

Z  a* 
-  3 
Z  a. 

2  Z 

£  5 

z  p 

!8 

u  3 

2  « 

51 

C  at 

bb  9 

0  < 

3  « 


< 

> 


£ 

w 

3 


nn-*-*w--nw- 


CM  0* 
es  ■— 


rflQO'flNONOOWN'O'rt 


—  _  —  <M 


—  —  e*  —  —  c*  ~  —  e<  —  —  c« 


©  ©  ©  © 


(A 

S3 

D 

a 


g- 

*  g 

£  u 


JLj  -e 
<«  «  S 


■ol  Zm 

e  k  «  Ti  .S'  <  *  Si 

•3  FJi  g»I  a  ■§  S 

ye“Su«,<«K 

'  5  ^  S  o  ii  u 

|i*s 

s  |  5 1 .3  in  § 

j*  1 1  £  C  .5  g  •§ 

r?  w  u  "  w  c 

£ 


2  o  "g  -8  .§■ 

Hi  "S* 

_g-4-i§iaJ 

v  S  “«>2iS  ‘""'■a 

■5  *  •§  2  -  <«;5  3  •* 

—  r3o"»,-;:u 
ti»'JJ-Qr'»2  y  v 

SS3|3S^«¥h 

.£6loo&o'G*2 

2  2  t3  -S  Y  S  -2 

«  g-  a  tS  .S  -o 
1  z  *5  2  g  g  a  I  -g 

rt  C|1  r*  JC  r  3  V  H5  w 

s?1H!li= ! 

S.S  S  —  "  u“  y 
■-  ts  8  3  a  9  a- "2  Qu 
ScF-SsS'S-o 
S3  J  8  H  -S  |  ^  g 

°S§g:5ji.ii2« 

W  |S  •«  fl  !T  la  M  IV 

5V«*'"il8>3 

1  a  |  a  n  1 

V*  ■-  So  2  y 
}j  o'£  “  !  i 
!  -  8  S  S  ii  a  8  “ 

ill  I  i  sl si 

2  .hi  4  c  ’i-2-  «  1 

c  —  n  «  “  J  y  .? 

JJtfHEti 


iJ  So 

q.£ 

y  s  "8 


£ 


3-3gJi.3E.2js 
I  -S  .a  i  :  K  «  g  :s 

M  g  <£  , 


2  w 

U  “O 


o  _ 

C  .5 


RUBBER  CHEMISTRY  AND  TECHNOLOGY  Vol.  60 


59 


o 


084  RUB8ER  CHEMISTRY  AND  TECHNOLOGY  Voi-  60 


lC 

* 


(u*3)noixvujni  xv  sniovu  nvoniHO 


C/) 

CL 


i  ■§ 


a.*- 


a  ^ 


=  5 


■£  S 

u 

U  S 


-  ^  i  s  ■=  “= 

“o"—  Sw  —  - 


*-§ 
o  c 


o 

V  ft. 


a. 


*  w  * 
2  « 


C  —  —  u 

c  ft  .V  (« 


5f  *G 

-  8. 

O  <o 

■Ji 

<  z 

u 
a'  <« 

t  j» 

a.  c 

M  * 

-2-5 


s  » 

5  s 

</)  u 

•-  (j 

2  .c 
5  ^ 
.1  J! 

u 


8. 


.  9 

rz 

S  a 

IA  M 

3  5 

"Sis 

u  -o 


(A  ^ 

Z  6 

(ti  ”y 

2  8. 

g  &- 

o 


O  l 


c  u 

E»x 

<U  - 


ft  — 

t  -o  .r 

-  §  g. 

O  3 
■  w  T3 
V  «j  u 

*  u  ‘E 
*22 
1Z% 


tc  2 

.  E  5 

-  * 

x 

O  £ 


3  J5  *2  5  S  S 

>  («  vS  4;  a. 


?  5/3 

§  u 

G  £ 

:  J 

v2  .5 

>s.*g 

=  c 

rt  — 


X  > 
u  £ 

*  o 
u  I 


2  2 
K-o 

ft.  >. 

o  3 

w  3 

c 

“8  «! 

SuS 

*1  8 

—  c 

u  V 


a !  M 

•T  V 

=  3 

(O  •—  3 


,  U  .  a  1) 

-  —  *-  M>j3 
:  tn  v  z  ^ 

J  -C  •-  H 


-I 

C  "ft 
<« 


-  W  r  l  U 

V  <£  II  *2  « 

-  u  H  "  i 
2  >2 
U  c 
v  o 

“  f 

e 

■“  u 

-3  - 

u  c 

US  — 

c  2 

2<ii 


C  rt  1) 

ill 

i§l 

w  ^  2 
<0  *  £ 
V  C  V 

“5.2.2 

c  ~  S 


M  M  u  * 

a  i*  u  ^ 


6  § 

|i 

.9-" 

s  ^ 

.2  u 

-o  e 
>.8 
33  £ 


8  o 

L 
P« 

2  <* 


-a  o 

Jl 
*  I 


■8 


m  c 

‘3 


t  ._ 

both 

2  a 
u  ■- 

5  3 


IfS 

c 

o 

u 


1  s 

ft  vs 


c  «  o 

5  5»  “ 

sfl 

3  -c  JS 

a  f-fi 

1 1 JS 


s  8 

=  -o 
v  S' 

s  8 
£•£ 
1.3 

'u  c 

tJ  <9 

2L^= 
5j  u 
co  i 

ft.  £ 


bc^ 
2  ^ 
*  8 
.gag 

c  £ 
o  o 

i? 

.9-1 

r  <« 


U  L 
ft  4 

31 

I  : 


RUBBER  CHEMISTRY  AND  TECHNOLOGY  Vol.  60 


61 


-a 

5. 

"3 


"D 

C 


<u 

T3 


js  a 

-g  5 
5  a“ 


I  -O 

U  U 

.a  o 

S  o. 

u  60 

3  •= 

.3 1 

I I 


M 

D 

5 

< 

oc 


o 

z 

I 


1 1 

n 

ji 
*  ? 
•2  £ 


2  8 
a  -S 
s  a 
o  .0 

t| 

a  5 

V"? 

1  « 

2  1 
.  ^ 
O  2 


v) 

Z 

o 

SA 

D 

-1 

U 

z 

o 

u 


3 

vt 

"3 


-X 

j2 

-3 


(/)  u 

5 

e  Ji 

U  c 

SL  5 

z  ^ 

u  ■— 

<*  n 
■a  -= 
c  u 
«  c 
V)  3 
a.  “ 

u  ~i 

o  _ 

U>  —  ■ 


el 

S  fcn 
o  '-v 

«| 
5  * 

c  .'5 

'C  c 

8-a 
v)  ^ 

“O  K 

S-o 
Si  § 


-  3 
,5  C 

™1 


on  .g 

“O 

* 


i3  ♦  ’  g 

£5.2 


00 

CO 


RUBBER  CHEMISTRY  AND  TECHNOUXJY  Voi..  (,(> 


62 


«M»  00  —  90 

n  (O  r»  >fl  r«  iC 

-  oi  •  O*  6  N 

CM  —•  -•  — »  CM  CM 


—  <M*  M3  O 

«"*•  oo  ^  O 

—  CM  — 

—  —  CM  — 


I  to  «0  9 

;  O  "■}  CM  00 

•  r*  o»  on 

•  <M»  -M*  «0  »0 


u  w 

■s  ^  ^ 
— ,  -  <* 
%  |  '5 

£2  | 

J  §  « 

a  >  ■£ 

?£.r 


CM  -•  ©0 


•A  Ol  CM  (O 


I  •«  M3  n  <A 
\  CM  ©0  CM  CM 


ISS  ss 


-*  ^  <o 

*n  n  m 

M*  «0  ri 


8  “ 

4* 

U  Z  CL 

s  .2  = 

0  8  u 

a  jz 

-C  0.*^ 

V? 

z 

«|*d 

fifj 

Id 

2 

3 

Sex 
*  «  .a 

a-ll 

z 

U 

C  *2 

Id 

J 

0 

<So 

.  j  u. 

">  2  « 

(a) 

fi* 

fid 

U* 

teJ 

o  *n  o 

♦  CM  M- 


li 

82  L 

,8^ 

8  2 

U  V 


x  *  H 

1 2  s 
Ife.sp 

3  .2  -C 

»  1- 

2  J  *• 

1-3"! 

C  S  Q 

*  §2 

v  “•  B 

c3  2 


H  3  I 

st|i  S 

§5"  s 

5  3m  s 

j  =  .3  j 

•  aC  9  g 

i-I  s 

sit-5 

|]-fl ! 

32|Sf 

!|l|l 

i:i;i 

J.Uia 


H.  W.  Grccnsmith,/  Wym.  Sri.  7,  993  (1963). 

S.  Hasbemi  and  J.  G.  Williams,  Eoiym.  Sri.  Eng.  M,  76  (1986). 
A.  C.  Thomas,/  P*lym.  Sri  II,  177  0935). 


EFFECT  OF  CARBON  BLACK  ON  THE  J-INTEGRAL 
AND  STRAIN  ENERGY  IN  THE  CRACK  TIP  REGION 


<  Ji 


—V  -  i- 

—  A  2 


1  =1 
Z  2  s 


«  1  % 

.  W 

—  jj  s 

=  5  5 

-2  13  < 


;  3  i  ;  >c  £  E  =  -=  -  ^  I  -=  E 

!  i  I  -  !  =  1  =  1 1 1 !  3  J  F I  ^ 


“  /■-  J 


;  X:  i; 

i  —  “  > 

.  ^  -2S  C3 

i:K: 
u  z  I 

J  i  >,  E 
;  y  ^  u 
.  —  «-  a> 

■  a  j  a . 
f  a.  c  w 

:  *  «  « 

-£)  U 

,  J  S  « 

;  -'5  3 
'  cj  o  ' 
'  u  a>  u 
J  D  H  w 
•  £  ^  ‘O  { 

!  >  .  £9 

;  o  {«  ^  • 
!  x  =  v> 

:  .  S  a. 

;  „  u  o  v**/ 

1  c  u 

:  -  o 
»  ^  u  v 

!  =  *  -g 

:  5  s  a 

1  1  a 

Ft4~ 

i  z  a  z 

:  o  .2  U  ■ 

i  _,  2  cfl  . 

I  £9  la  \ _ - 


3  —  c 

3  >»  2 


;  -3  3  - 
!  2  *  = 

:  s  a.  .2  . 
>  ««•“  •£  ■ 
;  3*3  * 

J  Cfl  ^  ^ 

i  S  o  1 

!£S.E. 

"  S  3  'Ji 

>  **•  o  4>  . 

»  W  O  O  • 

j  -  2  : 

j  |  o  a- 

i'sl  ^ 

!  C  o 
:  a>  ^ 

)  (/i  .  c© 

•  3  N 

!  S  3  1  - 

«  s  _ 

!  c  v  * 
J  O  ? -C  = 
’ 

.  A  2  TS 

o  .2  j=  a  • 

•  — •  W  •«  4 

!  3  *-  b 

■  W  -a  sj 

>  CO  «2  SO  t 
.  >»  *> 

>  u  "O 

i  u 

^ir 

!  3  =?  £  ' 
I  fl  «  •o 


l  S  3  i- 


^  lx 


—  r.  -Z  -  -S.  r_ 


>>  -  =  '•  = 


i  S  3C“ 

Z  “  1  3 
-a  c“  i  " 

fifa 

,lrl: 


SS  = 
.2  "S  C 

aJ  *J  \J 

j  j  s 

9-  n  -T3 


:»-’*■ 

:  «  >.  2  - 
'%£>>. 
i  u  "O  >>  . 

o  #  c  . 

■  c  jJ  I 
1  i  fc  3  1 

!  2  ‘ 

^  C  73 

:  5/5  o  a 

|  f  3 

,  a>  43  Ef  * 
y  £  c 
;  c  T5  «•  . 
1  v  -  -c 

i  ■o  .5  u  ■ 

i  It  • 


RUBBER  CHEMISTRY  ANl)  TECHNOLOGY  Vui.  til) 


£  r, s  Z 


i,  ZC 


Z 

z 


z 

< 

< 

3 

z 

S 


w  73 

~72  ~ 


O  A 

-  z 

•  Ui 

if 3 


*  j> 

U  03 

a  s 


W 

7  >» 

o>  — 

S  ’35 
a  3 


§  §* 

5  u  ? 

1 1;  1 
cd  to 
•C  '/> 


I 


< 

>4 


;*  — .  n  i, 

«  w  r.  “ 


""  03 

7  r  *  .HS  5 


i  cr  7 
3  ^ 

y  jj  ~ 


s  o 

cd  ■“ 


|  §  S 

i  w  I 

a  j~  ~ 
c  ««j  c 

i  50  73 

a  c  - 

*  *>  £ 

a  3 

~  tt  5 

><  v- 

w  o  c 


II 


JjC 

rt  "O 


c 

S 

D 

a 

73 

73 


73  t. 


73 

>> 


—  ii  „  ^ 

a^“  o  *y} 

*  U.  u 
33 


r.  — 

X  §  C 

r  fH  — 

~  Czl  “ 

s  i  ^ 
tf-S  C 


2  S 

—  — > 

*  * 

ii  3 

w  oj 

3  £ 

a  5 

W  3 


_  C  S 

U  ^  ^ 


s^i3 
^>  3  4  7 

||  I  z 

£  ^  x 
3  .5  s  :? 
>»  .  il  •_ 

zc  3  o  c 

5  *3)  ~  3 
5  »  i  J 
3  C  —  ^ 

I  i  =  | 

^  a  -  5 

U  Q.  '•“  jJ 
u  7»  —  a 
o>  “  /- 

S  S  «3P 


O  03  73 

-J  j;  0>  *J 

to  “*  £?  C 

I  -  3  5 

i  2  >,? 
?=?- 
a  a  2  y 


ll 
ZC  ~ 

,E  c 

u  O 


S'  s 

*  2 

-  03  _ 

^  te  rt 
*5  «3  5  *■* 

73  3  W  c 
Cd 
S3 
£ 


fl>  w  -C  ^ 
a  -o  -*  a> 
x  c  «  i: 
^  «  £  2 
03  -  * 

-c  c  a  3 

-  o  c  c 

S  S  3  75 
v  «=  -o  2i 
<A  1*  C  ->" 
JJ  -O  A  2 

a  «  c  i 

fc-fc*0- 

A;  00  •—  ZJ 
Q,  V  ZC  ZC 

«  c  t  1 
■■n  Z  -  ii 

-  c  -*  50 

H  =  -5  = 


5 

"3 

73 

?3 


C 


z 


< 

■jl 


>» 

ZC 

k. 

v 

c 

qy  ^ 
tic  £ 
C 

u  «-* 

C3  3 
It  - 
w  3 

S  g 

2  ? 
00  3 
4»  <* 

SIS 

s  2 


c 

o 

jj 

S3 

u 

CJ 

«-i 

u 

«-> 

>J 

o 

73 

CL> 

—i 

u 

■mi 

= 

V 

73 

3 

3 

« 

c 

U 

o 

u 

w 

a? 

u 

o 

3 

00  3 

3 

03 

73 

c  c 

«— 

ij 

>> 

O  c9 

cd 

“ 

+m> 

to 

So  5f 

73 

c« 

73 

c 

< 

73 

cd 

3 

O 

k. 

03 

c 

0) 

S  c 

03 

5 

| 

c 

«3 

03 

$1-8 

w 

c  ^ 

O 

z 

3 

'' - - 

73 

3 

CO  o 

03 

a 

S 

-C 

w 

-M  |  M 

1 

w 

73 

0 

cf 

w  w 

«»  c 

U 

cd 

z 

< 

-O 

II 

03 

0)  O 

03 

>- 

£ 

s 

.2 

>» 

2?~ 
OJ  3 

c  o 
a» 

«5  5* 

w  ^ 

'C  Cj 

°  ?3 

5  « 


.2  £ 


'o 


5-  w  a 

A  O  'O 


3  S 


^  > 


8  «  S 

-  cfl  — 
3fl  u  ^ 

y  c  i  : 
:  y  :  - 
-r  —  1»  - 
^  3C^ 

5  SS  = 

2  "  c  - 

—  i»  Z  z 

3  “ 
v-  w  ««  v 


RUBBER  CHEMISTRY  AND  TECHNOLOGY  Voi..  60 


66 


00 


<v 

c 

'■& 

*© 

o 

73 


00 

4) 


*1 

■C 

t- 


v> 

"3 

’3  I  S 
<t>  \r£ 


© 

*3 

>» 

o© 

v. 

4; 

c 

4> 

C 

S3 

u 

.0 

X 

«-» 

2 

i 


«->  '“S 

3  CO 

73 

4-1 

0  .£ 

2  w 

c 

4» 

73  g 

3  3 

Ji 

s 

o 

CJ 

2  ^ 

v>  2 

«-» 

&  § 

9  M 

2  !2 

u 

-2 

2 

O  rJi 
C  71 

©  cd 

3  ^2 

4> 

•o 
c 

3 
0) 
rT  X! 

w 


■?  15 

i  2 

-  O 

- >  V 

ii  5 
0© 
c 

V) 

o 

c 

4> 

JZ 

w 

et 

a 

>» 

c 

* 


7;  *■' 

73 

*  ‘3 
"O  *© 

c  c 
<0  £0 

-5  j= 
S  * 

a  a 

2  -o 

f  I 

3  o 

3| 

>  3 
V 


£  .  4> 

■■  w 


4»  00 
-C  C 

w  & 


O 

a  w 

f,*.2 

3i 

.5  S 

S  E 

—  o 
v  w 

2  ■* 

71  C 

-e  .2 
tj  *-* 

5  C0 

3,  u 

—  00 
«0  4> 

00  G 

4>  - 

•2  o> 
5  -g 


2  co 

o  x 

V  w 


73 


73 


‘3  cO 

1,  1> 

2.  .c 
<u  *■» 


-  «-»  i  ** 


T3  3  52 


c 

2  « 
-Q  w 


*  o' 


c 

.r  w 
-*  «= 
cO  35 

w  a 

£.§ 

73 

P  Ji 

S 


£  - 


1  = 

o>  ^ 
1> 

73  -G 

-*  O 
O  -C 

2  fe 

O  O 

a  -a 

So  « 

x:  -Q 
u 

.  O 

^  S 
.2  2 

5  ^ 

1  S  .t2 

6  * 

«  3 

73  « 
CO  4> 

^  5 

.  C  £ 
4)  — 

■  6  5 

■o  2 

&I 

73  O 
W 

V.  O 

2  c 
“9  *> 

-O  w 

3  a 


I 5 

H  3j 
fc 


Kio  8  — Jinle^ral  as  a  function  of  dt’toinu'd  notch  tip  di.mulri  in 


63 


-  o  Zi  zj  - 


r. 

-  72 


3  .3 
“"5  -= 


2 

z 


3 

ZC 

3  O 

= 

3 

C  — 

— 

l| 

3 

3 

U 

^Zf 

3  0 

^5  = 

O 

£ 

3 

w  " 

2 

O  O 
JZ  k. 

-3 

u 

•J 

i 

z  x 

— 

3  “■ 

a 

a 

3 

1 

11 

3 

*0 

0 

>» 

3  3 

-f 

z 

71  ^ 

15 

c 

71 

— 

71 

3 

.3 

3  ^ 

3 

O 

zc 

3 

r1 

S  f~ 

z 

3 

u 

O  /: 

7—  s. 


x  t  2  >» 


2  3  O 
/:  o  -5 


-  *  3  a 


lll^l 

z  a  zs  3  r 

*  3  *  t  t 
5? »_"  -2  - 
=  f  5  ./  i 

7,  •  >,  5  -3 

“1  .fl  —  “ 

:  3  a"  : 
5  -  C  ~  " 


|  S  2 

.5  3  zd 
s-  >  O 
v  •£  -> 
a  z  = 

X  O’  T 

a»  o  **z 


c 

3 

'  4*  *  =  3  *  * 

£  3  %  ?!  —  ^ 

—  u  a.  "3 


c  -5 


C 

Z£ 

Z 

jii  !■  1 

i-  '— •■  3  ^ 

£■0^2 

0  ^  ■=  ■?* 

O  3 

a  'Z 

75 

3 

3  3 

£ 

2 

< 

u  — 
— » 
71  — 

75 

^  —  0 

O  3 

•  7* 

Z£ 

— 

0  0  —  3 

75  — 

3 

—I 

-3  3  ®  h 

3  -J 

•3 

< 

k  jj  r, 

V  3 

3 

u 

>, 

> 

»  g  -S  §. 

*j  ^  O 

O  ^ 
3  T3 

3 

O 

< 

5 

.So?- 

—  3 
O  3 
2  >> 

ZC  - 
L_  Z 

s  2 

2  -- 


as  >  ~ 

a  2  2 

*  ?2 


■5  * 


3  *o 
T3  S- 
<U 

-  I 
3  s 
>  2 

—  “3 

2  3 

Z£  w 

O  * 

.5  3 
-s  b 

3J  -O 

z:  o 
r-  £ 
u 
O 


O  o 

3!  * 

£%  £ 
£3~ 


3  S?  '5 

>  S  c 

’■*  e  — 

O  W 
Zfl  50 

3 


H  a  c 

“  3 


3 


^  3 


15  | 

O  T3 


ao  ^  ™ 
o  .2 
O  3  «-> 

3  O  C 
.2f  3  l  h  W 
&U  V  *  «Z» 

-  5  d  i  L 

go  3  J- 
£  -3  a  ^ 


3  fl 
O  Ti 

S  5 

O  ZC 
O  ZD 
£V  3 

z£  7) 

3  = 

c  .2 
■  “  ^ 
75  3 
3  2 


■5  :  j  h 


“3  •> 
3  3 
*  71 

-  2 
■5  2 

3  3 


(*dW) 

n  c*j  —  -G 


Z£ 

i 


o 

j 


z 

< 


S 

jj 

X 

CJ 


■3 

S 


*3 

3 


v: 

x 


x 


z 

< 

7: 


■3 

71 


2S  *  -  2 


Id  — 


3  5 
3 


^  2 
z  2 


3  >» 
3  a 

5  o 

'71  -3 
3  71 


71  71  7)  ZD 
S’  3  2  - 

-  •=  2 1 

f  >  -  s 


ZC  ~ 
3  3 
O  — 


3 

zb 


3  .3  z:  71 

=  =  3  e 

n  - • 

3  zfi  a,  5 

C  3 


■3  U 
w  ^ 

l| 

1  = 

71  C 

■-  o 

>»  w 
Z0  3 
U  M 


,2  c 


?  2 

3  ~ 

O  71 

!s 

3  ^ 
o  _ 

u  C 

c 

73 


Z 

jg 

z 

j] 

2 

3 

z 


3  2$ 

ZQ  3 

.-  -a 

^  >> 

£  3 

=  5 

i  o 

5  S- 

:^‘ 

<«  5 

4>  > 
o  5 

.2  »i 

Q,  41 

S  Si 

*-*  4> 

4 1/  Ji  in 
A  73  ^ 

u  -g  -o 

0  3  O 

z  o  ?  5 

10S/0 
rv  u  v  o  7> 

s«  3  *2  «  2 

~  i»  O  3 

3  ^  Q.  w  c 

s  i-1 

0  ^  3  u.  3 

-3  -  -  a#  o 

is5“ 


7:  > 
X  3 


3  2f 

CL  -3 


u  3 
>  “ 

3?  ? 

Z£  £ 

c 

3  2 

*3  3 
O  71 

^  i> 
3  u 


3  3 


3  3 

•5  S. 

3  u 
u  y 

v!  T3 

«  v 
-3  o 
^  3 
3  T3 

5  .S 


w  V 

Si 

£  g 

2  0 
w  u 
4)  «0 
>  > 
■-  0) 
S5 
Si  •s 


5  1  St3 

■38  i5  >| 
o  *» 

C  V 

.2  5 


2  35 

S  1 
%  5 


si 
«  *• 
3  E 

3"  *- 

2  o 

0  i7 

c  *o 

-  3 

71  O 

—  0 

7) 


o  « 
>  £ 


■?  S 
0/  - 
X)  Cu 


(X 

z 

15  ^ 


.3  C 
3  '*" 

t  c 
«  ^ 
*  C 
-e 


O  3 

•71  O 

x  *2 

5 1 

3  o 

11 
£  5 
2  * 
£  a 

5  £ 

3 

3  w 

u  v 

c  o 

*5  te 

•3  « 
£  3 

w  3 

Is 

a  o 
^  73 
3  3 
-j  O 

JS 

C  m 

^  X 
9  13 


«C  “3  ^  -3 


3 

w  w. 

u  ° 
3  Z3 
*3  V 
3  3 


ZO  k-  .3  O  X 


w  3 

3  £ 


The  biaxial  strain  distribution  as  a  functiun  of  distance  from  the  crack  tip 


RUBBER  CHEMISTRY  AND  TECHNOLOGY  Voi..  lit) 


69 


^  £  *  2  ~ 

=  7.  z  - 

i  4  5/5  t  = 

‘  ZC  ~ 


2 

2 


^  C  — 

mtj 

^  it  x  *  - 
E  ~  X  “  * 

E  -  -  - 

O  J:*jp  2J 

V:  £  f  s  -  2 

Z  Z  Z  *  * 

"*  *  —  ^ 


2 

< 


2 

s 


r  1/5 
C  *** 

CJ  3 

S’  3 

z  2 

Id  X 

33 

JS  X 

->  :d 

-E  -5 

j; 

2  c 


w;  - 

i>  2  — 


-  x 

1  i!  i 
.a  x  7 


it  — * 
it  2 
£2  x 


3  ^ 


7%  3 

8  | 
£  T3 

a  t 

3  O 


it 
£C  — 


S  c  -r  s  5 

r?  u. 


■3  =  T  i 

§  2  yp  i 

<n  *  z  .2 
a.  i>  ^ 

.E  £  _ 

5/5  2  "* 
X  X  i-  S 

it  c  y  - 


«  -3  -  i  V 

3  5  *2,  r 
E  E  v;  ^  -5 

i.  rj  -E  ■£  i 

=  x  sP  *  * 

y;  ^  -3  3  >» 

sf  5  5  *  -5 


•  —  >»  - 
sf  sj  u  iC 
^  ;  a  i 
—  3  it  u 

3  £  j=  i 


E 

\ 

-j 

it 

*3 

X 

it 

jC 

*x 

it 

L_ 

u 

< 

it 

L. 

n 

5 

it 

3 

X 

>. 

>» 

-j 

u 

it 

it 

it 

2 

X 

X 

X 

it 

k. 

> 

it 

“3 

it 

3 

s 

cd 

u 

it 

w 

2  < 


x  -3 


*  * 


pP 

5  g 

a  * 

31 
3  31 

*  8 

it 

w 


it  ^ 
X  .. 
it  w 

-3  C 
♦-»  cd 

3  >jj 

<  s 


x 

V 


X 


X 


«.  it 
C  -3 

*3  H 


2  33 

h  * 


c  s.  a 


3  ^ 
O  at 

5  = 

3  3 
3  ii 
cr  i 
0)  -3 

.«  >> 
cx  E 

s  = 

x:  — 
o  -> 
X  3 
E-  3 


X  £ 
i-  u 

2  7  ^ 

x  x  E  >> 
-  —  E 

-3  it  3  u. 
it  >.  i 
•=  g  u  C 

*>  C  3  * 

>  u  it  i, 


_  it  -3 

3  i-  x  3 

r»  ^  s 

ifl  .  —  N 

it  E  ^  - 
«-  -5  U  : 

j~  >>  it  x 

w  -o  3  * 

I  3“  >» 

ills 

3  £ 

»  5  i  a 

X  T*  o 
* 


it  -O 


^  u  *  —  -  E  E  E  £  E 


w  .x 

'— •  O 

3 

_  u 

—  it 


_  rj 

3  ~ 


*3 

it 

it 

it 

le 


x  3: 

1  = 


o 

.3 


6-  S 


o  a: 
£  z 


3  *3 


.2  w  E 
o  — 


o 

?0  Si  v  ’Ji 

=  o  £  t 

*  V  s  - 
it  w  **  w 

-  vT  t  § 

«  x=  S 


>>  = 
•—  Z 
3  - 

2  E  E  E 
3-p  7 

"2  3  X  3 

*  Z  3  , 


*•=  §  1  55 

C  s  5 

2*  3  3  | 

M  4)  C 

Si§  S  € 

8  -1  S  « 

v  j:  w  .i 

c 


c  >,  i  '- 

2  ?®  <n  <r 

rue 

■3  i  0)  <- 

3  »  “>, 

4i  ac 

“  7i  1- 


f  2  o 

E  g  2 

2  '3  a 

£  i  ^ 

!ii 

it 

it  it  c 

-J  s 

a  |  '5 
X  S  1) 
&>  2  Q. 

§  a  » 

%  M 

0=3- 

=  ~  -o 

11  3  C 

a  a  « 

X  y;  Z 

n  C  M 

c 

u  c  . 
w  ■—  r 


!  I 

X  3 
X  "x 


d£  c- 


05  £ 


it 
3 
it 
T3  C 

g  i 

■  Cl.  3 

V  "3  " 

'*  i  S 


3  .3 

5P  n 
=-  33 
.5  tn 


41 

u  *-> 

33  « 

w  ~5 
C  _ 

a 


..-  a 
£  u 

^  -3 

E  ti 

■5  5 

at 

&  £ 

X 

T3  «d 

il 

-  s 

*  .E 

it  it 
it  o 

t-  c 
Q.  it 

b  5 

.  -o 

£  i 

it  ...  W 

C  o  -o 
5  x  e 
X  3  cj 

%  ^  X* 
^  3J  2 
w  u  it 

2  a  g 

c  ?  o 

I  15  a 

5  £z 

-  a  V3 

.  y  c 


•1  X 

— * 


“3  *3 
it  3 

*  ^ 


l  ^  r*  « 

: 


s  * 

3  a 

S| 

IE 

£  - 

X  it 

u 

it  3 
^  O0 


a  - 

a 


a 


—  V5 

3 


X 


«  i  - 

«s» 

*o  it  a 

c  w  — 

S  X  w 

V  2C 

ai  O 


2i 

o  S 


A 

!l^ 


-< 

it 

Urn 

V 

\  ^ 
^  "3 
"  x 
i  J*  2 
^  S 


a  .5  _ 

'•*  X  3 

v  “  *j 

«  .9-  g 
2-2 
t  -g 

41  a  = 


-  it 

E  x: 
o  — 


.2  C 


t  2  §  E  5 


—  x  Jr  °  — 


u  C 
o  <q 
w.  -c 

it 


S?£ 


teas 


c 

.2  x 

X  X 
C  X 
i>  it 

w  h. 
y  4-J 

it 

it 

.1-- 


=  *  s 

i,oi 

3  c*.  J 

-5C 


ed 

it  at 

=  2 
2  » 
x  c 

*3  3 
it  *_) 
jr  x 
^  it 


H 

x 


it  it 

"  Cl 


2  E 

§  =  i  5 


*0 

o 


IdN  A»**u*a  *#t«t9 


I  I  I.1III  |(>|.»P  pul?  lll.t|IIO>  u  )  JO  IIOI  J.H  1 1 1 J  R  *»1?  H  -  |>  f  oy 


*  i  A  ~ 


^uiuij  j  3Zis  3N0Z 


—  S.  X  z 

—  A  — 


—  — >  L. 

*  ©  £ 

si  2 

>  u.  D 

O  O  X 

—  73 

cs  'o 
w  >»  a; 

_  qq  a 

5  |  S 

>  C  *-> 

>  1>  M 

t>  a>  ’33 

rt  ^  O) 

J  "aJ  c«  u 

I  w  JS  3 

1  S-  Zj  ^ 

.  ©  ._  © 

;  V  5  «# 
C  u 
I  jS  c« 

1  W  4>  ^ 

1 JS  s  5 
:  J|o 

.  -C  w 

Che 

‘  d  .  5 

g  w  •— 
.set 
.  u  ©  2 
0)  c  -0 

ills 

2  &§ 
'1  «  y 


i  .i  E  =•  >5  g  ? 

^  i3  C  tP  £  >»  .  C 

rS  C!  5  -  .C'  '"  _* 


■0 

V 

73 

-O 

iT 

CO 

a 

a 

73 

c 

os 

3 

0 

M 

*-> 

'•J 

73 

73 

73 

*5 

73 

0/ 

CJ 

3 

-C 

£  ©  '  ’'T  *  *  0f 

^  ■=  -  :?-  %  c  s 

"Sia-e-ssi'-s 

^§=S3i--3 

~2“  n  so  —  53 

3  “  S  .a  £  -  3  n 

-  £  r  .  .  •£  .S  > 


_  •/!.,“  .  r.  t  > 

-  3  3  '5  «  =  -3  -7 

■;  i  «  j  z  i  «  e 


§3  S 
-  3 

■3  3  2 

.2  3  2 

|25 

3  -s  o 

=  £  3 


N  3  2  s  3  J  -  »  5  ?  >  J 

^i!25a}'£^sot 

y  ?  u"  mu  S  c  S 

2  .2  ,.  2  §  t:  «  c  •£  ^  11  .2  3 


;  04  5  -a  « 

'z  r  g  a 
!  b  “  E  a 
:  —  v  o  d 
i  .9-  *>  U  2 


is»??sS#2^ 

/l  u  .3  1)  c  ■-. .  o  <u  ^  a. 

a «  a  £ » $  3 

S£-"i.E3.2:w: 


3  Si  ja.  ci  “  -  >s  £„3  : 
S  V  s  _.  .*i53j(as2: 

f®g-|550-st3!«g  = 

3o.2.I|ki-3®^«^2 
«  «r  b  J  S  w  1  f  w  y  i  w  * 

w  t;  ^  c/3  <— 

g5.2''5-0-w«£«0£o5J 
tS  5  ^ * 2  5  c  |  = 

C!  ^  .  2  —  u  *  «-*  ©  e?  h*  **  ‘"*  3  — 

^^a;tT3!flQ.^o33C»3 
JR  rr  ^3  is  #5  tt/%  ?*  ,«  _  ?  ■>  5  'ji 


S-2  *  .2  —  *5  2  *3  -5  *>  O  3  —  53 

«-»  S  —  1;  q  ^3  c/3  S-y)  OSQ  ^  50  ^ 

c5£«3e!iJ!a-u!»> 
iao***??-*  222 

33  2  ?  i  y.2  ?  :  -  ■$  £  -s 


ui  -  fc 

y  ?  -5 


tfl  2  *— 

5  5  *■» 


■dm  *®J#U3 


RUBBER  CHEMISTRY  AND  TECHNOLOGY  Vui..  60  ./-INTEGRAL  AND  STRAIN  ENERGY 


71 


x  s  2 


^  X 

z  - 


3 

%  ~ 
-1 

—  « 
* -s 

•3 

"I 

£ 

12  a/ 

X  o 

<  £ 
=  x 
ii  -> 


1  ,r  g  g  »  » 

£ 8  E  =  V  2  s 
» “ I =  I®1 
*3rfjfi  ;  = 

S  -3  N  S  -  2  S 

<  A  f  5  5  a.  - 

^  -s  ^ i ._  a 

S'«  '--S# 
o  ,  t:  , 

"a  o  a  t  <  g  * 
N  *  7  £  7  S,  2 
E  *  a  .•  2  3  3 

2  s  a  5  i  3 

3 

?  ts  N  5  a  9  >; 

* i  *5  3 

•>j  2  C  -  (•  1> 

;  ^  *  .-  =  5  £ 

iS  =  5  =  gf-i3 

z  s  -,  -  ^  i  a 
a  os  sn  =  -i  *  -i 

*  •  *•  *  a  a  - 


*  4  -  ? 


Z'3  '■*’  -  X  W  ' 

=  5  «  *  j?  w  c  2  X  Z  A 

2  -3  r  a  5  .U  ^  2  =  s  ■= 

>?  05  —  .35*7 

'  y  >  a  O  >5  w  X  —  £ 

j  >i  >  .  **  rf5  5,5 

4  12  ^  3, «  >;?? 


■  3  i  < 

*is; 


s  « 

1  s||"4*3z  i  I 

2  >  ^  3  5;  5  *5  ;  ,  r  r 

-  ^  S  ^  5  2  -*  3  ■*•  c  = 
■  » i  ~  ;. 

a»  *  —  — 


y< 

;-s  =j 


:21t 
"  5  <3 


as 

I  ? 


15 


o'  >  i 

>*  z  - 
cor 
»  jc  -r 

>.  —  — 


;  Cj  <  < 


<  a.  <  ^  a. 

-’-=>-=>■§=-  *  «  J-  _>  -  S 

5  *****  2  2  c  s  ? 
*  «  *  5  *  c  £  =  3 

aiJ(j(£ss|S’S^.  • 

—  ^c3^i>*ji-^-»2s*2s 

22Zt;t??2-2 


Z  *■ 

w  s 


c/5 

c 

c 

C0 

JS 

w 

(0 

c 

<u 


-X 

w 

« 

u 

o 

0) 

£ 


£  - 

at* 
*  is 

2  2 
c 


3 

v 

o 

0/ 

£ 


* 
C 
O 

.5  £  s 

-  b  a 


o>  — 

(0  (0  Q. 
—  a> 


c  3 

O  M 


«  5 

V  o 

C  w 

S| 

o  .3 
m  a> 
<n  w- 
<o 

®  o 
a  w 

a>  ®2 

5  § 

<M  3 
O  3 
&> 

N  Z 

C « 


ctf 

3  x 
•3  Cfl 


-•§ 


a; 

-c 

"O 

c 

as 


__  3  u 
cfl  fl#  «< 

a  s  & 

2  80  « 

.5  |  £ 

3  S  §09 

3  g  -3  o  ac 

L  Ji  5  ° 

°  .  5  S 

v  «n  *“  <y 
«c  c  «-*  *o 
H  5»  <  c 
P  01 
^>.5^0. 

OJ  O  (T5  qj 

■o 
c 


c 
9 

v. 
O 

7? 
£ 
2  £ 
.2  is 

£  a> 
>>  2 
x: 

CA  *-> 
C  .- 
aj  CO 

-o  O 

>»  - 
M)  <& 

W  .t* 
(V  > 
C  5 

V  ii 

Of  A 

£. 

CJ 


ctf 


a 


ACKNOWLEDGMENT 

The  Unaneial  support  of  the  U.S.  Army  Research  Office — Durham  and  the 
Cabot  Foundation  is  gratefully  acknowledged  and  appreciated.  We  would  also 
like  to  thank  Dr.  S  Parhizgar  and  the  BF  Goodrich  Co.  Tor  supplying  the 
materials. 


2 


~  £  rf 


■—  — 
~  r 

;  ;  M  ^ 
~ 

r.  z  jz 
z  >>>».“ 

3  f  1  a 


>>  -  — 
r3  ^  i/ 

-if 

•= 

j:  vj  1: 

2  >3  > 


a  2  ^ 

5  *  > 

=  *  =  -j 


*5  2  ~  n 

c  -  -  - 

5  11  = 

2  i  £  = 

Z  A  X 


u  3  J 

w  Jd  2  2 

£  5  -  § 

5  a  *25. 


-sis 


|f  I  * 


*  i  $  § 

"  :  Ei 

-  V  a  - 

1  i  =  s 

*  ->  *  r: 

2^-3® 

A  —  Z 

*  S  S  -3 
£  2  ?  2 
2=^C 
=  i  >.  a 
i  x  2  * 

—  i,  ■  a 
t  -  *  S 

=  |  2  -3 

s  3  r;  e 


5  5  S  '* 

»  ®  £7 

^  —  e 
C 


*2^-3=: 
i;  5  -  i  2 

*“  -*  s  r  i> 

^  ^  c  ^  ifl 

5  *  *  _  3 


.£  *3  *3 

I's  i 

*2  c 

o  x  ^ 

%  2  5 

2  3c 

1  e  * 

«  2  .a 

•i>  jfl  w 

S  >»  — 
u  t/J  C 

3  u  u 

3  o  s, 

-i  3 

ai  = 
>>•2  * 

2  ®  f 

i  4;  j? 

j  h  & 


-  t  a  i- 

I  B  2  I 

5  -  2  a 

5HS 

:  :  a  *j 

-  o  2  — 

-  —  O  g 

3  =  C  3 

-  -5  “  -i 
=  !  £  •§ 
-=  ?  P 


=  2=^ 
“3  ,_  —  O 

■3  *  E  3 
i  S  a  o 

:  ,  ti  l 

>  CJS  i 

C  g  s  5 

r  -2  £  * 
3  V  O  ^ 

_  ”  n  53 

S$5  3 

w  «—  cd  y> 

5  <  £  2 

*  -■  -5  ■= 

-C  t*  4>  e 

t,  *  1  5f 

w  c  £ 
i  5  to  u 

^  t«  (9  a 
v  u  >  .ir 
x  <•*  > 


u 

2  Q 

OS 

u 

S  h 
H  £  * 

2<g 

«  a  « 

Si'3 

^  s  oi 

Z  O 

<  09  3 

s«« 

o  <  « 

,  O  3 

J  r  H 

<  < 

«°Z 

3  z 
H  £ 

o  2 

3  O 

g  W 

H  pi 

CO 

O 


<  ►.*  3 

5  II 

<  s» 

J  II 

-i  5  | 

*  z 


J< 

-»  o  . 

?  2 

2  3  ■ 

r*  c 

O  O 

3  -2 

S  «  . 

o  <j 

£  >. 

5“  ^ 

Z  ,_ 


b  v,  w  <—  I  ■ 

s  ai  c  o  c  Jft 

1  ^  0)  'T  3 
i-SSSc1- 

_  2  g  J  1  13 
;  #  ii  ai  i: 
if2  S  "  - 
.S  O  o  s 

§  J  ^  o  e  .E 
_>  y  os  u  3  w 
s  5  U  2  o  :« 
'—5  O  e  ^ 

S  b  u  6  r 

i  e  «  » 

2  »  a  ««  aj  =2 

filial 

l.  L  o>  -5^ 

T  a  Si  9  » 

^  o  O  ?  4>  *0 

—  S  t-  >  h  c 


„  i  » 

s  ^ 

a<  J2  t- 

«  g«- 

S  jj  2 


o  >,  w  v  a  >,  c  ■ 
ft  S  £  s  u  »  * 

2  g~-*'o  l5 
o^lsSi: 
■;  o  S 13  £  g  5 
<  ^  c  2  1  ^  J 
%%  z%  » 
~  9  3  g£S  | 

i)  a  q  55 

2  u  £  i  *  -o  tS  ■ 


,  a  **  cd  ^  ■»  -/j 

Cd^)V  ,£;50W3a4>»^--, 

«-ic5c*,,1>'Cwi  US3  = 

o«  .2»o.Sc9^«2s2? 

rjKwaj  a)  >r*  e  w  3  *t?  w 

ajOTuU!je/^U4jC»(«ll 

^  c3  .  e  cj  "r  2  —  >>c- 


:  a  «  g 
»  «  «  -5 

3  «  ca 

i^o- 

!  II  L  - 

*•£  y  w 

)  oc  c  o 
-  e  «£ 
S  js  « 

!  e  w 

I  « 

i  *.5  3 

51* 

i?  S  « 

I  -E  «  £ 

I  3  v  S“ 
run 

r*  B  i- 
,  S  3  3 
igsS 

.  5b  o  2 

i  ^  ^ 

!  S  ?  S 
:  S  if 
:  2  5  2 


s 

£  «  ~ 
i  S  f 


®  *  u 
S|f 

.  o>  *7  — 

’G  ^  ca 
1  §2 
"sl 

’I 

C  u.  « 


B.  W 

-—  aj  *-  •»  X  0>  V* 

-  S  .5  a  a  -o  *“ 
•5  =0  5  -  2  s  5 
S  ;  "o.2J; 
u  s  .£  55  S  "2  ^ 

d  0)  A  ■  u  5  c 

^  «  S  3  JZ  £ 

S  'l*  ^  ^  1» 

S  Cd  3  52  2  -*  -S 

b  »—  aj  ^  <2j  C 

I  I  -2  O  I  o  .2 

i  f  I  5  g  ^  2 

oo  ««  5^  o 

C  c/5  '—  2  to  .£* 

5  v  a  3  £  .2  b 
h  w  a>  o  c  5 

a ii|| |a 

^IlISIS 

S  ■!„-  2-  e  2  5 

m  2  c  ^  s  5*  t; 

1  a  ~  5  j;  3  g 

u  d  cd  ^  k,  ~ 
w  r*  1/  u  «_>  —  3 

A  5  w  3  '75  O  -O 


1 


3^  = 


=  5  .5  8 


~  •  r 

-  s  £ 


~  -  >w 

•£  9 


|  1  5  1 1 

:  j  t  5 
^  1  ?  3 


is  g'al 

£  -  *5  jE  "3 
1 2  £  |  | 
_  .5  i  «  3 

§  ^  1 1  1 

=  3  <  a  "i 

i>  *» 

x  2  .2  >  2 

*  C  n  y* 

=  1>  0>  C  - 

—  «a  «-»  5  — • 

-  S3  X  2*  H 

.£  S  2  “3  _  • 

^  5 

*  -  3  r  O 

"**'  —  -S  C  -5 

y,  *  a  ~  w 

L.  U  S 

S  £  °  * 

■r  u  2  s  'C 

5  y  tfl  s  3 


SJ  3^  a  ' 
w  ;s  7; 

3  fc  5 

i  -  1 

y  i  y 
iS  w 

“33  "o  a> 


..  ?  3  3  = 

1  =  ■>  z  » 


I  2S-S 
I  * j; 
1  Kl. 

<  p  z  x 

.2  5  E.2 

z  I  M  =  ' 


O  S  -*  w 

•>-  =  33 

3  :*= 

2  JZ  J 5  *3 
Cj  -»  3  C 
^  ■_  C  r3 


3  |  1 

23^ 

=  D  S 


.m 

f  a  — 

O  i> 

i  E 


A;iu!ne;sAj3 


—  C  «=  : 

^  s  y  ; 

5  5a 

'  yi  y) 

="  ?  c 

2  a  °  • 
■  S-2  >•■ 

£  S  «  ■ 

.2  y  ^ 

*■>  >  qj  " 

s.  J  e 
m  -c  — 

D  J-  ■O  . 

s  «  <u  • 
a  S  -a 

55  o 
5*0  8  . 

i>  c  2.  • 
_>>  ca  _ 
a.  u  c 

:  i&S 

i  *&&• 

5*5 
*  2  <*  > 
’  i>  w  0»  . 
;  r  o  5 

^  s  . 

;  >*  •-  O 
•i  i/) 

»  J!  TJ  — * 

B  >>*  < 

;  “a  !2 
!  —  >  « 

:  g 


§  «  *  £ 

1  £  £  | 

is  ii  4)  a 

ssse 

“390 

o  i  a  o 

“  >i  a  'x 
<_  -3  O  ° 
S  VS  » 
u  *  «  ” 

iz!i 

:  t  y 

o  ?  *5  ii 


o  o  w 
O  v  O 
w  4>  *± 
4>  .  3 

*•  ttj  Q> 

|  *  I 

>  O  O 

c  c  a 
8  w  jp 

w  OJ  c 

O  *•»  -• 

JJ3  «3  ^ 
<y  o 
-C  '/>  c 

W  -M 

«_  -O  Ofi 
Q  C  C 

,;  sa 

§  Is 

w  a 
u  O  3 

i55 


y  yi 
O  -J  o 


S.5  g 

'si  3 
S  g  II 
O  u  JS 


>;  a. 

s  >» 

z  .ti 

3  s £ 

<  2  ■ 

!s  .5 

2  ?  ■ 

o  x : 

H 

Z  J= 

5d  ^  . 

S  ^  £ 

M  >  < 

2  a. 

<  u 

«  i 


U 

X  = 


55 


iH'grvi*  *»f  crystallinity  (%)  as  a  function  of  carbon  black  and  extension  ratio  (X). 


3> 


<A  2  S 
uf  5 

U  i  L 


£l 


* 


o 

u 


w  3  3 

y  -  y 

C  c  c 

*  3  V 

*  ?  f- 
£8."* 
w  v  o> 
y  -O  £ 

y  .5  *3 

-  I  2 

a:  -5  3 

?tii 

y  t.  ju  £ 

^ 

i  ^  y  r  >  w 
!  (fl  ^  ^  W 


2  2  >» 
"  a> 

g  3  I 

a,  c 

5  * 

&>  s 
U  J  C 
c  -o  ti 
5  C  c 

.2  S  £ 

a 


O  w 


§  -2  is 
56  8 


V  r- 

■o  ? 


-  2  71 

*  £  | 

>>2  M 

M 

cd 
> 

C 


»  »  ^ 
3  £  3 

2  '“  o 
u  a  a 
y  w  cd 

ta  —  £ 

e  *  £ 


£ 


o  *  -5 
£3| 

1  I  « 

8  =  3 

g  i  2 

Its 

wi-o 

C  3  w 

2  ^  2 
.2  y  —  c 

*  a  a 


E  rt 

a  a 

1m 

9J  2 

a  * 

2  c 
35  y  • 
«  «_> 

u  g 

a  E 

o  ca 
k.  u 

a  ca  . 
a  a 

"r 

y  *-  « 
^  rtu 

!r  a 
-*■  2d  o 

3  a  t- 
c  w  a 

'oO  1)  Q. 
V  C  « 
u  -  y 


>»  o 
u 

c  ° 
y  <y 
ac 


c  $ 


73 

2  *o  c  * 

5  M  § 

y  5  C  3 

a  .2  —  ca 

W  Ml  _  U 

■  s  3  $  & 

-  =  =  E 


CG 


111 

y  w  _ 

.g  a'3 
£  x  ^ 

c  .*  * 

"  M  "2 


._  3 

—  .2  Cd 
C  u  y 
0  cd  y 
3  y  a 

.2  y  u* 
>-:° 
^  *o  « 

331 

3  II 

y  73  c 

*"  o  y 

2  w 
“  cd  to 

•?  «  *2 
■5  S* 
i  >,S 
-*  o  g 


x  i  y  »— ■ 

-  «  2  O 

s  .S  §  « 

S  e  *  s 

^  U  *j 

-  2  J3  M 
=  * 

v  ^  2  w 

-!  tM 

■r.  £  u  u 

^  H 
3  J-  *3 

'5  S.  c  o 
?  Jo- 

^  y  w  fc- 

«  Z  2  2 

>  59  y  JJ 

^  S  u-  £ 

*0  ft  § 

^  -  i  ^ 

£  S  2  ft 
i  i  *  v 
i  5  2  S 

■a  y  cfl  r 

'  u  g. 

c  >,  o 
Ofl 


"3 

-=  ^ 
S’ 2 
S  2 

o  - 


«  5; 
u  ^ 

a  t£ 

P  C 


x  ^  a 
p  £  -* 
=  1  - 
^  ^  b 

a  ^  2 
a  ->  ~ 
^  c  - 

y  —  73 


> 

-  5  S?  & 


,  w  1> 

c-  ^  = 

r-  2j  n 

y  -h:  "3 

u  A  y 
3  y  N 

.Sf  c  = 

&•  N  2 

C  as  J 

-  ^5  >4 

S  g  t 

®  £  >> 

.  13  a  2 

«,-  =  .2  s  ,H>  > 

fe  a. 
a  s 
S  ■- 


a  > 
tt’C 

s  -j 

.2  ^ 

-  S 

„  U 

y  w 
=  % 
y 

t  *» 

—  *3 


y 


2  £ 


^  O  ^ 
US  •-  y  .C 

u-  £  w. 
ay  5/5 

§1 
a  I  ■o  J 
sex  |  t 

y  ta  y 

!i" 

*?  3  -O 

y  w  c 
a  —  ts 

5  *- 

111  - 
a  =  E  fc 


-  2 
^  E 
Sa 

U  «J 

o  3 
«a  *^j 

il 

3  ^ 

£  S 

ca  c 


> 

y 

c 

2 

2 

y 

y 

Z 

ca 

g 

3 

u 

*c 

ac 

afi 

"x 

y 

co 

*C 

u 

a 

y 

E 

C&> 

o 

y 

c 

ca 

3 

<a 

73 

ba 

y 

u 

A 

CO 

y 

i— 

y 

u 

y 

2 

y 

fa 

3 

a£ 

- 

? 

.32  y  u> 

.r  a  3 

.3  w  — 

a  «-  y 

111 
«  'C  y 
*-  ca  .2 

.3  £  y 
7,  C  a 
c  y  *-»  y 
y  -j  a 
3  ^  w 
x  a  a  - 
y  ^  w  fa 


12  ^ 


y 

7? 

ca 


_J _ I _ I - L_ 

If)  TT  CO  CM 


(edW)  ssams  IVNUfVON 


-  X 

3  ^  -3  t*  £  2  "2 
c  - 


3  -> 

*d  '73 
s.  43 
3  dO 
t  SO  . 

a  5 

IS 

■3  3 

3  50 

•o  .2 

c  ^ 

cd  — * 


2  x 

CO  43 

cd  3 

3  3  2 

1$5 

C  U  C 
•g  2  ° 

!<  E  a 


e  2 

u  ^ 


C  Cd 
O  ~ 


>»  -Q 

t  B 

C 


3  £ 

»f  a 

~  sc 
r  c 
> 

2.  S 


£  =3 
$2; 


S  BC.S  .“  = 


O  3 

Cj 

3 

3 

3  = 

u  ■— 

o  5 

Jj 

£ 

cd 

u 

3  C3 

73  X 

|x 

£  13 

cd 

— J 

13  >4 

w 

cd 

2 

■0 

t- 

cd  43 

a 

— * 

4> 

>.  “ 

£ 

dfi  r 

43  w 

0 

Q. 

00 

CJ 

3 

73 

j;  u 

£  1 
2'  2 

cd 

43 

c 

u 

3 

a. 

■3 

43 

3  a 

43  r- 

w  — 

2  2 

0 

N 

P 

J3 

3 _ 1^ 

43  C 

T3 

a 

0 

73  ^ 

t  » 

43 

N 

_5 

U.  k. 

S.i 

3  Cl. 


u  * 

o  73 

4)  S 

5  e 


u  "O 

£  = 

BC  (3 

*  C 
<rj  Cd 
^  £ 
-s  .c 
2  * 
5  a 


-Q  £ 

43  3  1 
u  *-> 

c  * 
cd  >» 

73  O 

(0  43 
43  JZ  . 


3s  —  73  *0  C 
~  0  '—  33  — ’ 


j>» 

2 

X 

2 

’£ 

3 


u,  w 


43 
*-> 

Cd 

73  Cd  "O 

^  -  3 

s  5  o 

o  u 

73  w  d 


c4  *5 

e 


c  g 

C)  «J 

a 


73  C 

3  cd 


w  E— 


43  3 

V  c  _ 

Cd  43  o 


-3 

o 

z 

3 

a 


3 

z 

< 

> 

2C 

% 

5 

Cd 

s 

u 


a 

a 


c 

II 

§  Z  L 

S  3  ®  < 

d  ^  ^ 

2--*  -5  c 

»  u  ^  s 
«  S  S3 
=  u  O  2 

e  S  S  3 
2^  £  1 
13  O  73  W 
JZ  w  ? 
w  C 

..  o 

a  »r 


o 

cd 


13 
— > 

2 

43  .S 

3  3 

43  w 

3 

OJ0 

£ 

«  S' 
5S 

-v» 

z 

•0 

3 

•=  § 

c 

4J  _ 

—  15 

.2 

2  'C 

c 

^  = 

S 

2 

3  = 

8  s; 

0 

0  .2 
-  t 

3 

* 

a 


3  13 
1 1 
!  J 

*  Si 

13 

a  2 


a  <- 
3  c 

*  i 


3 

43 

■V 

u 

cd 

t3 

0 

£ 

4-» 

43 

k. 

0 

u 

cd 

Q. 

p 

£ 

cd 

V. 

c 

w 

73 

cd 

7i 

2 

13 

73 

43 

13 

43 

73 

w 

«te- 

2 

c 

cd 

4^ 

43 

£ 


73 

■2«  ^  o  S 

C  *2  "  s< 

O  *  Sj  "S 

«  y  3  5 

JJ  43  -O 

u  fa  r  V 


c  .s 

ts 

u  e 

a  3 

73  <2 
43  C  - 

2  e 

«  CM 
43  O 

So 

C  |  03  S 
.2  u 
d  o  5 
43  "C 
3  eo  > 
C 


JZ  - 
.£  *3 

is 


§•£ 


-  J  te 

cd  Jfi  13 
o 

-3  cd 
c  *■ 

cd  u 
43  43 

C  £  .fi  5  s 
43  w  H  e  - 

£  J2  ■  «— 

43  *  43  c 

a>  u  C  3 

*d  %  W 

73  “  73  >  - 


2^2- 


i  ^ 
i  ^ 


w  g  rS 
43  O 

= 

ed 


-2 

43 

7} 

cd 

0 

c 

cd 

•J 

73 

Jd 

3 

0 

CM 

73 

C 

43 

w. 

X 

2 

O 

.2 

u 

3i 

'/5 

'3 

3 

c  c/: 

.  .2  13 
13  i;  JZ 
3  O  w 

I'O  c 
>  2  o 

dO  .2  22 

§  S« 

s  a  2 

-O  u 

«  n  ii 

■St-*' 

a  sj 

41  -£ 


*5  -  d 
>.  *r 

u  3 

i! 
2  2 
3  ^ 

i  > 

73  ^ 

.2  H 

a 

43 


cd 
>  > 
C  u 

o  *o 

i  .* 

s  rt 

o  2 

« s 

cd  .. 


i2 

I 

rt  t! 


c 

43 
> 
43 
73 

7)  «-» 
3 

2  -c  ^  -o 

■4,  w  w  <« 
u  O  *« 
43  O 

S  *j 


H 

Z 

UJ 

Z 

w 

u 

3 

la. 

Z 


y 

< 


z 

9 


43  ^ 

S  -2 

43  *cd 
»  ; 

-  I  £  = 

J2  a  3  .2 

M  4j  g  2 

ai  a  .:  s 

00  C  X  41 

5  .2  s  2 


E 

E 


922  RUBBER  CHEMISTRY  AND  TECHNOLOGY  Voi..  60  CRACK  TIP  REGION  <I2H 


78 


crystallized  zone  at  the  stressed  crack  tip.  Both  effects  are  major  reinforcement 
mechanisms  that  increase  the  fracture  resistance  of  CB-reinforced  NR. 
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Abstract.  The  ./-integral  was  used  to  characterize  initiation  and  rapid  fracture  under  mixed  mode  loading 
conditions  in  carbon  black  filled  natural  rubber.  The  total  critical  J  was  geometry  dependent,  but  the  J  analysis 
partitions  the  energy  into  that  needed  locally  in  the  crack  tip  region  and  in  the  bulk.  The  critical  conditions  for 
pure  mode  II  loading  could  not  be  determined  because  of  buckling  of  the  specimen;  however,  values  obtained  by 
extrapolation  show  Jllc  to  be  about  twice  Ju .  The  relation 


describes  the  failure  conditions  under  mixed  mode  loading  conditions 


1.  Introduction 

Mixed  mode  crack  growth  is  due  to  the  superposition  of  two  or  three  loading  modes: 
I-tension,  II-shear  and  Ill-torsion.  Most  experimental  fracture  research  has  been  concerned 
with  mode  I  loading  since  this  is  the  most  common  mode  for  crack  propagation.  But, 
initiation  and  propagation  of  cracks  in,  practical  situations  can  be  mixed  mode;  consequently, 
mixed  mode  crack  initiation  and  growth  has  recently  received  considerable  analytical  and 
experimental  study  [1-5]. 

Two  practical  examples  of  where  mixed  mode  crack  growth  may  be  important  are  in  Suh’s 
[6]  delamination  theory  of  wear  and  Champ,  Southern  and  Thomas’s  [7]  theory  for  abrasive 
wear  of  rubber.  Both  recognize  the  relevance  of  a  fracture  mechanics  description  for  the 
complex  processes.  However,  it  is  believed  that  abrasive  wear  could  be  due  to  mixed  mode 
crack  growth  rather  than  only  mode  I,  especially  in  the  case  of  viscoelastic  materials  like 
rubber.  Despite  the  practical  importance  for  wear  and  fracture  of  rubber  products,  there 
appears  to  be  no  information  available  on  the  behavior  of  rubbers  under  such  conditions. 

For  rubber  the  fracture  properties  are  strongly  influenced  by  stress  induced  orientation  of 
the  molecular  chains  in  the  material.  Since  the  crack  tip  stress  field  for  each  loading  mode 
differs,  the  stress  induced  molecular  and  filler  orientation  creates  different  anisotropic  crack 
tip  zones.  This  anisotropy  is  expected  to  affect  fracture,  fatigue  and  wear  properties.  For 
example.  Gent  and  Kim  [8]  showed  that  the  tearing  energy  in  mode  I  was  half  that  in  mode 
III.  Also,  they  showed  a  significant  effect  of  pre-stretching  on  fracture  properties  of  carbon 
filled  rubber,  and  concluded  that  the  change  in  fracture  energy  was  due  to  deformation 
induced  changes  in  microstructure. 

These  stress  induced  microstructural  changes  may  lead  to  anisotropic  mechanical  properties 
in  the  crack  tip  region  that  depend  on  the  stress  state  and  hence  the  loading  mode.  Data  on 
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these  changes  in  microstructure  and  fracture  properties  as  a  function  of  loading  mode  are 
needed  for  better  understanding  of  fracture  and  reinforcement  in  rubber  and  its  relation  to 
failure  and  wear  processes. 

In  a  previous  paper  (9j.  it  was  shown  that  the  7-integral  concept  can  characterize  the 
initiation  and  final  rupture  of  rubber.  The  definition  of  the  /-integral  is  exactly  the  same  as 
the  definition  of  the  tearing  energy,  T 


J  =  T 


1 

B  ~da 


(I) 


where  B  is  the  thickness  of  the  specimen,  d U  is  the  energy  released  when  the  crack  is  increased 
by  d a.  And.  for  linear  elastic  materials  both  are  equivalent  to  Griffith’s  failure  criterion,  and 
can  be  interpreted  as  the  energy  required  to  form  new  fracture  surfaces.  The  tearing  energy 
has  successfully  characterized  non-linear  elastic  rubbers  [10,  11],  but  for  non-elastic  rubbers 
the  critical  tearing  energy  depends  on  specimen  geometry  [12,  13]. 

The  /-integral  for  initiation  in  non-elastic  rubber  also  depends  on  specimen  geometry  [9], 
but  it  was  possible  to  separate  the  energy  required  to  deform  the  bulk  of  the  specimen  and 
that  required  to  form  the  new  surfaces.  This  separation  of  energy  was  based  on  the  exper¬ 
imental  observation  that  the  extension  at  initiation  for  different  sized  cracks  as  a  function 
of  specimen  length  had  a  common  intercept  at  zero  length  and  therefore,  was  independent 
of  specimen  geometry.  This  extension  was  taken  as  a  local  characterization  of  crack  initia¬ 
tion  and  related  only  to  the  energy  required  to  form  the  new  crack  surfaces.  The  remaining 
energy  was  interpreted  as  absorbed  into  the  bulk  of  the  specimen.  This  analysis  was  similar 
to  that  used  by  Agarwal  et  al.  [14]  in  their  application  of  the  /-integral  to  composites. 

The  /-integral  can  be  separated  into  components  for  the  mixed  mode  problem  [15]; 
Isnikawa  et  al.  [16]  proposed  an  analytical  method  for  separating  mode  I  and  II  such  that 
/  =  /,  +  /„,  when  both  /,  and  J„  are  path  independent  integrals  in  a  two-dimensional 
linear  elastic  deformation  field.  For  a  non-linear  elastic  body,  /,  and  /„  may  be  interpreted 
as  the  crack  extension  force  under  pure  mode  I  or  pure  mode  II  deformation  respectively 
[17]. 

The  objective  of  this  study  was  to  evaluate  the  fracture  properties  of  a  commercial  carbon 
black  filled  natural  rubber  under  mixed  mode  loading  conditions  by  using  the  previously 
established  /-integral  analysis. 


.  :  ■ 


2.  Material 

The  material  used  for  this  study  was  B.F.  Goodrich  compound  number  17170,  natural 
rubber  with  lOpph  reclaim,  40pph  HAF  carbon  black.  Test  specimens  were  cut  from 
30cm  x  25cm  x  0.33cm  sheets  with  a  cutting  mold. 


3.  Experimental  procedures 

Single  edge  notch  specimens  (Fig.  1)  of  different  lengths  (/),  widths  (a>),  pre-crack  sizes  (a) 
and  angles  (/?)  were  tested  to  determined  /  values  for  initiation  and  final  rupture.  All 
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Fig.  1.  Specimen  geometry  and  associated  dimensions. 
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fig.  2.  Stored  energy  as  a  function  of  pre-crack  size  at 
different  extensions. 


Table  /..  Specimen  dimensions 


Length 

(cm) 

Width 

(cm) 

Pre-crack  length  (acos  P) 

(cm)  (see  Fig.  1) 

4 

i.l 

0.2 

7 

2.2 

0.6 

10 

3.3 

1.0 

13 

4.4 

1.4 

16 

1.8 

possible  combinations  of  the  dimensions  of  the  specimens  were  tested  and  the  dimensions  are 
given  in  Table  1.  Preliminary  tests  showed  that  the  rubber  sheets  were  isotropic.  The  data 
reported  are  average  values  for  more  than  three  tests  of  each  geometry.  The  tests  were  done 
at  room  temperature  and  at  an  extension  rate  of  1  cm/min  in  an  Instron  tensile  machine  with 
serrated  grips  to  prevent  slipping. 

Pre-cracks  were  made  by  cutting  the  rubber  along  one  edge  with  a  new  razor  blade.  The 
surfaces  of  the  pre-crack  were  coated  with  a  water  based  white  ink  (Wite-out®).  After  the 
ink  dried  the  excess  was  removed  to  aid  identification  of  crack  initiation.  Crack  initiation  was 
easily  identified  by  observation  of  the  crack  tip  region  at  a  magnification  of  10  x . 

The  test  method  for  determination  of  the  critical  J  at  initation  or  rupture  was  based  on 
the  energy  rate  interpretation  of  /  [18]  given  by  (1).  The  total  energy  U,  the  area  under  the 
load-extension  curve,  is  shown  in  Fig.  2  as  a  function  of  pre-crack  length  at  various  values 
of  extension  A.  The  slope  of  these  curves  ( dU/da )  is  proportional  to  J  and  is  shown  in 
Fig.  3  for  specimens  with  different  lengths  as  a  function  of  extension  (3a)  and  extension  ratio 
(3b). 
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Fig.  3.  /-integral  for  initiation  as  a  function  of  (a)  extension  and  Fig.  4.  /-integral  as  a  function  of  extension 
(b)  extension  ratio  for  different  length  Specimens.  for  different  pre-crack  angles  (/?). 


4.  Results 

Initial  loading  of  the  pre-cracked  specimen  slightly  blunts  the  razor  cut  until  a  crack  initiates. 
The  initiation  event  was  not  apparent  on  the  load-extension  curve,  but  the  load  and 
extension  at  initiation  were  easily  correlated  by  visual  observation  of  the  crack  tip.  Blunting, 
with  little  stable  crack  growth,  continued  with  extension  until  unstable  crack  growth  frac¬ 
tured  the  specimen.  In  general,  the  extent  of  slow  crack  growth  increased  as  the  pre-crack 
angle  (/?)  increased.  Moreover,  visual  observation  of  initiation  clearly  showed  that  the 
loading  mode  affects  initiation  because  the  crack  opening  displacement  and  crack  tip  region 
differed  significantly  with  pre-crack  angle  (fl ).  However,  visually  final  rupture  appeared  as 
if  due  to  only  mode  I  loading. 

The  total  7  value  was  a  function  of  the  specimen  length  (Fig.  3),  and  of  the  pre-crack  angle 
(Fig.  4).  The  critical  values  of  J  at  initiation  and  rupture  were  determined  from  Fig.  4 
for  values  of  extension  at  initiation  (/,)  or  rupture  (/,)  as  a  function  of  pre-crack  angle.  J 
and  J,  were  independent  of  the  specimen  length,  but  depended  on  /?  and  the  pre-crack  size 
(Figs.  5  and  6).  Therefore,  one  of  the  conditions  for  a  valid  fracture  characterizing  parameter 
(that  the  parameter  be  independent  of  geometry,  including  pre-crack  size)  is  apparently  not 
satisfied. 

However,  the  critical  extension  at  initiation  or  rupture  was  a  linear  function  of  specimen 
length  and  the  data  for  different  pre-crack  sizes  extrapolated  to  a  common  intercept. 
Representative  results  are  shown  in  Fig.  7  for  initiation  (fl  =  65)  and  for  rupture  in  Fig.  8 
(/?  =  45).  Similar  results  were  obtained  for  pure  mode  I  loading  (9].  A,  or  Ar  is  the  total 
extension  required  to  initiate  or  rupture  a  specimen,  respectively.  Some  of  this  deformation 
occurs  in  the  crack  tip  region  and  some  of  it  occurs  remote  from  the  crack  tip;  a  greater 


-  -  '  ^ 


CM 


L 


CM 


7 ■  Critical  extension  for  initiation  as  a  function  of  f<^.  5.  Critical  extension  for  rupture  as  a  function  of 

specimen  length  and  pre-crack  size  (acos  Pfw).  specimen  length  and  pre-crack  size  (acos  fi/w). 
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Fig.  9.  Critical  extension  at  initiation  in  a  "zero” 
length  specimen  as  a  function  of  pre-crack  angle  (/?). 


Fig.  10.  Critical  extension  at  rupture  in  a  "zero' 
length  specimen  as  a  function  of  pre-crack  angle  (/3) 


percentage  of  the  deformation  occurs  away  from  the  crack  tip  in  longer  specimens.  But,  the 
intercept  represents  the  displacement  that  must  occur  in  the  crack  tip  region.  Extrapolation 
of  the  total  displacement  to  zero  length  allows  separation  of  the  crack  tip  displacement  due 
to  deformation  in  the  crack  tip  region  to  initiate  crack  growth  or  fracture  the  specimen  from 
that  which  occurs  in  the  bulk  of  the  specimen.  This  critical  extension  for  a  zero  length 
specimen  is  a  characteristic  of  an  isolated  crack  including  its  crack  tip  region,  but  not  the 
bulk  of  a  cracked  specimen. 

The  critical  extension  for  the  zero  length  specimen  for  initiation  and  rupture  are  shown 
in  Fig.  9  and  Fig.  10  respectively  as  a  function  of  /?.  The  /-value  obtained  at  the  critical 
extension  in  the  hypothetical  zero  length  specimen  represents  the  critical  energy  release  rate 
in  the  crack  tip  region  to  initiate  a  crack  or  to  fracture  the  specimen  under  the  given 
conditions  independent  of  specimen  length.  These  values  from  Fig.  5  are  shown  in  Fig.  1 1  for 
initiation  and  in  Fig.  12  for  final  rupture  as  a  function  of  crack  angle.  The  values  were 
obtained  by  converting  the  extension  for  the  hypothetical  zero  length  specimen  to  the 
extension  ratio  for  the  actual  length  of  the  tested  specimen  ^  =  (A  4-  Iq)/1 0.  With  this  A*,, 
the  J  value  representing  the  critical  strain  energy  release  rate  in  the  crack  tip  region  was 
found  for  all  specimen  lengths  tested.  The  additional  energy  is  stored  in  the  specimen  away 
from  the  crack  tip  region.  That  is  the  total  J  value  is  not  geometry  independent,  but  the 
material  property  that  characterizes  the  initiation  can  be  determined  by  extrapolation  of  the 
critical  extension  to  a  specimen  of  zero  length. 

The  total  energy  U(a)  stored  in  the  pre-crack  specimen  at  initiation  as  a  function  of  crack 
length  is  showr  <n  Fig.  13.  These  data  for  a  specific  pre-crack  size  can  be  extrapolated  as 
straight  lines  to  a  zero  length  specimen  and  this  energy  also  can  be  interpreted  as  the  energy 
required  in  the  crack  tip  region  to  initiate  the  crack.  These  data  are  shown  in  Fig.  14  as  a 
function  of  (a/w);  since  J  is  defined  as  -l/B  ( dU/da )  then  the  slope  of  U  for  /  =  0  as  a 
function  of  pre-crack  length  would  be  equivalent  to  the  critical  /-values  for  the  crack  tip 
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0  25  45  65 

0 

Fig.  II.  Critical  J  values  for  the  crack  tip  region  to 
initiate  the  crack  as  a  function  of  pre-crack  angle  (Pi- 


Fig.  12.  Critical  J  values  for  the  crack  tip  region  to 
rupture  the  specimen  as  a  function  of  pre-crack  angle 

(P) 
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Fig.  13.  Total  stored  energy  as  a  function  of  specimen 
length  and  pre-crack  size  (acos  /?/»■)  for  p  =  45°. 


Fig.  14.  Total  stored  energy  at  initiation  in  a  "zero" 
length  specimen  as  a  function  of  pre-crack  angle  (p). 
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Fig  15.  Total  stored  energy  at  rupture  as  a  function  Fig.  16  The  calculated  strain  energy  release  rate  (G) 

of  specimen  length  and  pre-crack  size  for  p  =  45  deg.  at  initiation  as  function  of  pre-crack  angle  (/?)  for 

comparison  with  measured  critical  J  values. 


Table  2.  J  for  initiation  as  a  function  of  crack  angle  (kN/m) 


Analysis\angle 

P  =  o 

P  =  25 

P  «  45 

P  =  65 

Displacement 

1.08  ±  0.02 

1.11  ±  0.03 

1.20  ±  0.03 

1.32  ±  0.05 

Energy 

1.0  +  0.05 

1.15  ±  0.05 

1.25  ±  0.1 

1.35  +  0.15 

Table  J.  J  for  rupture  as  a  function  of  crack  angle  (kN/M) 


Analysis\angle 

P  -  o 

P  =  25 

P  =  45 

P  =  65 

Displacement 

15.0  ±  0.5 

16.0  ±  0.5 

17.5  ±  1.5 

20.0  ±  1.5 

Energy 

17.5  ±  2 

19.5  ±  3 

21.5  ±  4 

26.5  ±  6 

region  at  each  angle  (/?)  to  initiate  the  crack.  The  derived  values  are  listed  in  Table  2  and  are 
comparable  to  data  from  the  displacement  analysis  (Fig.  12).  Therefore,  both  methods  of 
analyzing  the  data  give  approximately  the  same  values  for  critical  energy  release  in  the  crack 
tip  region  as  a  function  of  /?.  These  values  of  J  can  be  interpreted  as  the  material  property 
that  characterizes  the  materials’  resistance  to  initiating  crack  growth  under  combined 
loading  (I  +  II)  conditions. 

Similar  to  the  case  of  initiation,  the  total  energy  stored  in  the  specimen  at  fracture  is 
plotted  as  a  function  of  specimen  length  in  Fig.  1 5  for  ^  =  45.  The  data  at  zero  length  give 
approximately  the  same  values  for  J  as  the  analysis  based  on  displacement  and  are  as  shown 
in  Table  III.  Also,  this  7-integral  analysis  provides  a  measure  of  the  energy  required  to 
rapidly  propagate  a  crack  that  is  a  function  of  the  specimen  length,  but  again  this  total 
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energy  can  be  partitioned  into  that  required  in  the  crack  tip  region  as  independent  of  the 
specimen  geometry  and  that  stored  away  from  the  crack  tip. 


S.  Discussion 

The  results  clearly  show  that  the  presence  of  a  mode  II  component  increases  the  critical  J 
required  for  initiation  and  final  rupture,  and  this  implies  a  difference  in  fracture  properties, 
which  probably  are  associated  with  microstructural  changes.  X-ray  diffraction  data  obtained 
at  the  Cornell  High  Energy  Synchrotron  Source  of  the  crack  tip  region  show  that  the  extent 
of  crystallinity  and  orientation  greatly  differ  for  pure  mode  I  and  mixed  mode  loading  [19]. 

It  was  not  possible  to  measure  Jlic  experimentally  because  a  center  cracked  specimen  with 
the  crack  parallel  to  the  load  or  other  pure  mode  II  specimens  buckled  extensively.  But  Jllc 
is  of  engineering  interest  and  may  be  relevant  to  wear  of  rubbery  materials,  therefore 
estimates  of  Jllc  were  obtained  from  the  analyses  that  follow. 


6.  Initiation 

The  increase  in  Jc  for  initiation  with  /3  can  be  separated  into  /,  and  components  according 
to  two  approaches: 

(I )  Compliance 

Assume  that  the  critical  J  for  initiation  is  equivalent  to  the  critical  strain  energy  release  rate 
(G)  for  linear  elastic  materials  which  is  independent  of  crack  length  and  specimen  geometry 
then  (20,  21] 

G  =  G,  +  Gu. 

Also,  G  does  not  depend  on  the  loading  system  and  is  related  to  the  compliance  C  by 

G  =  Pfc 
IB  da 

where  P  is  the  load,  B  the  thickness  and  C  is  A/P  of  the  cracked  specimen. 

From  the  geometry  of  the  loading  specimen  the  mode  I  and  II  components  of  the  load  are: 

P{  -  P  cos  p  and  Pu  =  P  sin  p. 

Therefore, 

G,  =  G0)  cos2  0  and  G„  =  G{fi)  sin2  0. 

In  order  to  calculate  G(jf)  the  compliance  of  the  rubber  samples  was  calculated  from  the 
critical  displacement  and  the  corresponding  load  as  a  function  of  P  and  a.  Based  on  these 
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Fig.  17.  The  ratio  of  crack  opening  displacement  in  mixed  mode  to  pure  mode  I  at  the  critical  extension  for  a 
"zero"  length  specimen. 


assumptions,  the  components  of  G  and  the  total  G  are  compared  to  the  measured  critical  J(P) 
in  Fig.  16.  The  derived  values  of  G  show  a  large  amount  of  scatter,  but  the  similarity  of  the 
P  dependence  of  G  and  J  supports  the  analysis. 

But  because  of  the  non-linear  viscoelastic  deformation  of  the  rubber,  the  compliance 
calculation  is  certainly  only  approximate.  Therefore  another  approximation  was  analyzed. 

(2)  Crack  Opening  Displacement  (COD) 

It  is  well  established  that  Jt  is  proportional  to  the  COD  (<5)  [22].  Since  mode  I  loading  tends 
to  open  the  crack  and  mode  II  does  not,  any  crack  opening  can  be  attributed  to  mode  I 
loading.  Therefore,  the  components  of  J  can  be  derived  if  5  is  known  at  the  critical 
displacement  for  initiation  for  the  hypothetical  zero  length  specimen  as  a  function  of  P  for 
all  specimen  lengths,  widths  and  crack  sizes.  <5  decreased  with  P  and  was  a  function  of 
specimen  length  and  width,  but  a  common  curve  was  attained  by  plotting  rj,  the  ratio  of  <5,ii 
to  <5,c  (Fig.  17),  that  was  independent  of  geometry;  based  on  these  experimental  results  and 
since  it  is  known  that  /,  is  proportional  to  <5  then 

A  =  nA<- 

Ishikawa  et  al.  [16]  analytically  showed  that 

An  =  A  +  A 

then  it  follows  that 

Amc  =  nAc  "b  “A, 
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Fig.  18.  Critical  J  values  at  initiation  and  rupture  for  mixed  mode  as  a  function  of  crack  opening  displacement 
ratio  (»j). 

where  k  is  an  unspecific  proportionality  factor.  Jul  as  a  function  of  r\  is  shown  in  Fig.  18  and 
a  linear  extrapolation  of  the  data  gives  the  critical  JUc  as  1.9kN/m  and  k  =  (1  —  rj). 

Failure  criterion  for  a  crack  under  combined  loading  has  been  expressed  in  terms  of  the 
stress  intensity  factor  in  the  following  form 


where  a  and  b  are  constants.  Values  of  a  and  b  reported  in  the  literature  for  different 
materials  range  from  one  to  two  [23-25]. 

Since  Ju  and  ■flic  also  are  material  constants  an  analogous  failure  criterion  could  be 


To  determine  the  form  of  this  function  the  derived  data  are  shown  in  Fig.  19  showing  that 
a  and  b  equal  to  one  is  a  reasonable  fit. 


7.  Fracture 

After  initation  of  crack  growth,  the  crack  tip  blunts  with  limited  crack  growth  by  peeling  of 
surface  layers.  The  extent  of  peeling  was  limited,  but  increased  with  increasing  p  and 
decreasing  a.  Eventually,  rapid  crack  propagation  occurred  at  an  angle  to  the  original  crack. 
The  propagation  angle  depended  on  the  original  crack  length  and  pre-crack  angles;  in 
general,  the  propagation  angle  is  smaller  for  long  pre-cracks  and  small  pre-crack  angles  ( p ). 

In  specimens  with  long  cracks,  ten  percent  of  cracks  propagated  in  two  steps.  Also,  for 
short  cracks  and  large  p,  final  rupture  conditions  were  more  scattered.  This  is  believed  to  be 
due  to  the  large  difference  between  the  total  J  and  that  required  in  the  crack  tip  region  as 
pre-crack  size  decreases  (acos  P/w  <  0.5).  Figure  7  shows  that  J,  depends  on  the  initial  crack 
size  (acos  p/w),  but  is  independent  of  specimen  length  similar  to  the  situation  for  initiation. 
The  critical  Jr  increases  more  than  30  percent  for  P  increasing  from  0  to  65  deg  (Fig.  13). 
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Fig.  19.  Empirical  fracture  criteria  relationship  for 
mixed  mode. 


(3 

Fig.  20.  Nominal  stress  for  initiation  and  rupture 
based  on  area  of  un-cracked  ligament. 


It  is  interesting  to  note  that  although  blunting  is  so  severe  that  the  pre -cracked  specimen 
appears  like  a  conventional  tensile  specimen  the  net  section  stress  at  rupture  is  a  strong  function 
of  fi  (Fig.  20).  This  is  further  evidence  that  the  presence  of  an  angled  crack  influences  the 
ultimate  properties  and  that  stress  is  not  the  appropriate  characterizing  parameter. 

Also,  it  was  impossible  to  separate  the  contributions  of  mode  I  and  mode  II  for  rupture 
because  it  was  not  possible  to  compute  the  compliance  nor  measure  the  COD  because  of  the 
large  amount  of  non-linear  deformation.  However,  Ju,  at  rupture  plotted  as  a  function  of 
the  crack  opening  ratio  at  initation  appears  linear  (Fig.  18)  and  suggests  that  the  ratio  of  /„ 
to  7,  is  about  1.6. 


8.  Fractography 

The  fracture  surfaces  in  the  limited  slow  crack  growth  region  were  similar  at  all  values  of  P 
(Fig.  21).  But,  for  the  fracture  surfaces  formed  during  rapid  crack  growth,  although  not 
uniform,  the  density  of  tear  ridges  increased  with  /J  (as  is  shown  in  Fig.  22).  These  observations 
concur  with  the  general  relation  of  increasing  surface  roughness  with  increasing  toughness. 


9.  Conclusions 

Application  of  the  J  integral  concept  to  mixed  mode  crack  growth  in  carbon  black  filled 
natural  rubber  was  able  to  partition  the  contribution  of  each  mode  to  crack  initiation.  By 
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Fig.  21.  Fracture  surface  in  slow  crack  growth  region.  (  x  40). 
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extrapolation,  based  on  crack  opening  displacement,  7llr  for  initiation  was  about  twice  Ju. 
This  is  due  to  the  difference  in  stress  induced  structure  in  the  crack  tip  region.  For  rupture 
the  ratio  of  was  about  1.6.  However,  the  basis  for  the  extrapolation  is  not  as  well 

founded  as  for  initiation. 

As  a  criterion  for  crack  initiation  the  relationship 


was  found  to  describe  the  data. 

In  general  the  fracture  surface  roughness  increased  with  the  pre-crack  angle  in  agreement 
with  the  increase  in  toughness  with  pre-crack  angle. 
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Fractal  analysis  of  rubber  wear  surfaces  and 
debris 
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The  wear  surface  and  debris  of  three  rubber  compounds  (NR,  PBD  and  NR/PBD/SBR),  worn 
on  a  modified  blade  abrader,  were  fractal.  The  fractal  dimension  of  the  wear  surface  was:  (1 ) 
limited  to  a  finite  range,  and  if  the  wear  mechanism  remained  the  same;  (2)  independent  of 
the  wear  load;  and  (3)  the  basis  for  creating  a  master  fractal  plot  by  a  shift  factor  that  (4) 
decreased  linearly  with  wear  load.  The  fractal  dimension  of  wear  was  determined  on  the  basis 
of  profilometer  traces  and  showed  that  the  wear  load  affected  the  scale  of  the  wear  process. 
The  fractal  dimension  of  the  debris  also  increased  with  the  wear  load  and  is  thought  to  be  a 
function  of  the  agglomeration  mechanism  during  wear. 


1 .  Introduction 

To  appreciate  the  practical  nature  of  rubber  wear, 
one  need  only  consider  that  an  estimated  430 Gg  of 
rubber  are  lost  through  tyre  wear  in  the  United  States 
annually  [1],  Past  advances  in  rubber  wear  properties 
were  achieved  chiefly  through  empirical  relations  and 
expensive  road  testing  [2].  But,  diminishing  resources 
and  increased  competition  require  future  improve¬ 
ments  to  be  gained  by  a  more  effective  method  based 
on  the  understanding  of  the  mechanisms  of  wear.  This 
undertaking  is  difficult  because  of  the  complexity  of 
the  wear  phenomenon  which  currently  is  thought  to 
include  tensile,  fatigue,  mechanochemical,  thermo- 
chemical,  and  oxidative  processes  (3).  However,  last¬ 
ing  evidence  of  these  processes  is  found  through 
the  examination  of  the  remaining  wear  surfaces  and 
debris. 

1.1.  Rubber  wear 

For  example,  the  overt  signs  of  wear  for  many  rubber 
compounds  are  surface  roughening  and  the  formation 
of  small  particles  known  as  primary  wear  debris.  Wear 
is  due  to  frictional  forces  between  an  asperity  and 
the  rubber  surface  causing  the  rupture  of  primary 
molecular  bonds  [4],  Continued  wear  in  one  direction 
results  in  the  formation  of  ridges  perpendicular  to  the 
direction  of  motion.  Eventually  the  pattern  of  ridges 
attain  a  steady  state  size  and  spacing,  and  the  wear 
rate  is  constant.  A  microscopic  survey  of  worn  tyre 
tread  by  Smith  and  Veith  [5]  reported  that  the  easily 
visible  pattern  consisted  of  several  levels  of  even 
smaller  ridges  upon  magnification.  This  process  of 
ridge  formation  was  originally  recognized  by  Shal- 
lamach  (6)  as  being  fatigue  dominated.  Later,  Thomas 
(7)  and  Southern  and  Thomas  [8]  supported  this  view 
by  developing  a  fatigue  model  of  steady  state  wear 
based  on  fracture  mechanics  concepts.  More  recently, 
however,  Gent  and  Pulford  (2]  and  Zhang  (9]  have 
shown  that  wear  involves  tensile  failure  and  chemical 
effects  as  well  as  fatigue. 

However,  the  dry  wear  mode  described  above 


does  not  occur  in  all  materials  at  all  times.  When 
certain  compounds  are  worn  under  mild  conditions, 
reactive  species  generated  by  the  rupture  of  rubber 
molecules  react  with  oxygen  in  the  atmosphere  to 
form  a  degraded  product.  This  is  called  oily  mode 
wear  because  a  thin  oily  film  eventually  covers  the 
surface  and  reduces  the  rate  of  wear  [2].  Ridges  which 
may  have  been  present  initially  are  rounded  and  the 
complex  surface  altered  [9]. 

In  the  past,  studies  [2,  8,  9]  of  rubber  wear  top¬ 
ography  have  shown  that  the  spacing  between  ridges 
and  the  size  of  the  wear  debris  are  proportional  to  the 
applied  frictional  force  under  dry  wear  conditions.  An 
improved  method  of  surface  and  debris  analysis  which 
distinguishes  wear  mechanisms  and  correlates  with 
wear  properties  would  be  useful  in  helping  select 
rubber  compounds  for  service.  To  this  end,  this  study 
analysed  profilometry  traces  of  worn  surfaces  and 
boundary  profiles  of  wear  debris  by  fractal  concepts. 
Fractal  plots  correlated  with  wear  mechanism,  wear 
rate  and  frictional  work. 

1 .2.  Fractal  geometry 

Fractal  analysis,  created  by  Mandelbrot  [10],  can  be 
thought  of  as  a  tool  which  produces  a  quantitative 
description  of  an  otherwise  indescribably  rugged  line 
or  surface.  The  essence  of  fractal  analysis  is:  the  length 
(or  area)  of  an  irregular  line  (or  surface)  depends  on 
the  size  of  the  measuring  device.  Small  measuring 
devices  resolve  finer  details  than  larger,  thereby  give 
greater  length  (or  area)  measurements.  A  graphical 
representation  of  log  length  (L)  of  a  mathematical 
fractal  curve  against  log  measuring  unit  size  (R)  yields 
a  straight  line  described  by  the  relation 

L  x  If'-0'  (I) 

where  D  is  the  fractal  dimension.  For  example,  a 
smooth  line  gives  a  constant  length  for  all  measuring 
unit  lengths;  the  resulting  fractal  dimension  equals  the 
Euclidian  dimension  of  one  for  a  line  However.  D  for 
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an  irregular  line  is  greater  than  one  and  increases  wilt 
increasing  roughness  to  a  limit  of  two 

An  analogous  expression  for  complex  surfaces  pro¬ 
duces  fractal  dimensions  ranging  from  the  Euclidean 
D  =  2  to  D  =  3. 

The  length  estimate  continually  increases  because  a 
mathematically  fractal  object  posesses  self-similarity. 
That  is.  every  large  irregularity  is  composed  of  smaller 
irregularities.  Mathematical  fractals  possess  self¬ 
similarity  at  all  length  scales,  but  natural  fractal 
objects  are  always  limited  by  upper  and  lower  bounds 
[10]. 

Applications  of  fractal  geometry  have  ranged  from 
interpreting  the  irregular  nature  of  clouds  [1 1]  to  the 
description  of  Brownian  motion  [10].  Recently, 
several  authors  have  determined  the  fractal  dimen¬ 
sions  of  metal  fracture  surfaces,  fn  a  study  by  Mandel¬ 
brot  et  al.  [12],  of  300  grade  maraging  steel  as  a 
function  of  heat  treatment,  the  fracture  surfaces  were 
first  nickel  plated  and  then  polished  parallel  to  the 
fracture  plane  in  several  stages.  Each  stage  revealed  a 
set  of  irregular  “islands"  of  the  underlying  steel.  The 
relation  of  the  island  area,  A ,  to  its  perimeter,  P,  for 
many  islands  was 

P  x  A<0'2>  (2) 

and  D  decreased  with  the  impact  energy  required  to 
fracture  the  specimen;  a  result  which  appears  counter¬ 
intuitive  [13]. 

Two  other  investigations  [13,  14]  determined  D 
by  applying  Equation  1  to  micrographs  of  polished 
vertical  sections  of  the  metal  fracture  surfaces.  The 
study  by  Underwood  and  Baneiji  [14]  showed  that 
fracture  surfaces  are  generally  self-similar  over  only  a 
limited  range  of  scale. 

2.  Wear  testing 

2.1.  Experimental  methods 

Wear  testing  was  performed  with  a  modified  blade 

abrader  [7,  9],  Wear  proceeds  by  forcing  a  rigid 

stationary  razor  blade  into  the  circumferential  surface 

of  a  rotating  rubber  wheel.  The  stiff  cantilever  beam 

holding  the  blade  was  instrumented  with  strain  gauges 

to  record  the  transverse  frictional  forces  generated 

during  wear. 

Three  rubber  compounds  (Table  I)  were  tested 
under  frictional  forces  ranging  from  650  to  2150N 
per  metre  of  wheel  width,  which  corresponds  to  a 


TABLE  I  Compound  formulations 


Formulation 

NR 

compound 

Blend 

compound 

PBD 

compound 

NR 

100 

0.33 

0.0 

PBD 

0.0 

033 

100.0 

SBR 

0.0 

0  33 

0.0 

Zinc  oxide 

4.0 

4.0 

Stenc  acid 

2.0 

2.0 

Black.  NII0 

45.0 

45.0 

Agcrite  Resin  D 

0  5 

0.5 

Agente  White 

05 

0  5 

Anozite  2 

30 

3  0 

Sulphur 

2  5 

2.0 

Stanocurc 

08 

1.5 

'’arc  (min Z’  F) 

25/300 

20/300 

frictional  work  input  of  65U  to  2I50J  per  square 
metre  of  nominal  wheel  surface  area.  All  compounds 
were  tested  at  25°  C  and  a  tangential  velocity  of 
33  mm  sec  1  to  minimize  the  effect  of  frictional  heat¬ 
ing  on  the  wear  rate.  In  addition,  wear  measurements 
were  made  only  after  each  sample  formed  a  steady 
state  wear  pattern.  A  nylon  brush  continually 
removed  wear  particles  during  testing.  The  wear  rate 
was  determined  from  rubber  weight  loss,  testing  time, 
r.p.m..  compound  density,  and  was  expressed  as  the 
decrease  in  the  radial  wheel  thickness  per  revolution. 
After  testing,  the  specimens  and  collected  debris 
were  stored  in  a  desiccator  to  prevent  absorption  of 
moisture  and  oxidation. 

2.2.  Results  and  discussion 
The  radial  wear  rate  as  a  function  of  frictional  work 
input  is  shown  in  Fig.  I  for  the  three  compounds.  The 
data  conform  to  the  same  relation  found  in  experi¬ 
ments  by  Thomas  [7],  Gent  [2],  and  Zhang  [9] 

W  =  AF *  (3) 

where  W  is  the  radial  wear  rate,  F  the  applied  fric¬ 
tional  work  input,  and  A  and  n  are  material  par¬ 
ameters  and  are  listed  in  Table  II. 

The  least  wear  resistant  material  was  the  natural 
rubber  (NR)  compound.  All  NR  samples  tested 
developed  steady  state  wear  patterns  and  produced 
non-adhering  particulate  debris  indicative  of  the  dry 
wear  mode.  The  ridge  height,  spacing,  and  debris  size 
increased  with  increasing  frictional  work  input 
(Fig.  2). 

The  natural  rubber,  polybutadiene,  and  styrene 
butadiene  blend  compound  (NR,  PBD,  and  SBR 
Blend)  ranked  second.  Samples  run  at  work  inputs 
greater  than  1 100 Jm~j  formed  steady  state  ridges 
similar  in  size  to  the  NR  material,  but  produced 
strongly  adhering  rolls  of  debris.  Brushing  would  not 
remove  the  debris  so  the  testing  was  periodically  inter¬ 
rupted  to  pull  the  particles  from  the  surface  with 
tweezers.  At  work  inputs  below  1100 Jm'!,  ridge 
formation  associated  with  dry  wear  occurred  initially, 
but  soon  transformed  into  the  oily  wear  mode.  A 
dark,  oily  film  formed,  rounding  the  existing  ridges 
and  decreasing  the  wear  rate  to  an  unmeasurably  low 
level  (Fig.  3). 

The  PBD  compound  wore  in  the  dry  mode  only  and 
was  the  most  abrasion  resistant  material.  The  scale  of 
the  ridges  and  the  debris  were  much  finer  than  the 
other  compounds.  As  with  the  other  dry  wear  samples, 
the  pattern  height,  spacing,  and  debris  size  increased 
with  increasing  frictional  work  input  (Fig.  4). 

3.  Profilometry 
3.1.  Experimental  details 
A  traversing  Clevite  Surfanalyser  150  profilometer 
recorded  surface  roughness  profiles  in  the  rotation 
direction.  For  each  compound,  traces  were  made  of 
samples  worn  at  several  different  frictional  work 
inputs.  Traces  were  obtained  at  five  or  six  locations 
around  the  wheel  circumference  to  develop  a  statisti¬ 
cal  representation  of  the  surface.  The  forward  and 
reverse  trace  of  each  location  was  recorded  for 


Figure  I  Radial  wear  rale  as  a  function  of 
frictional  work  input  (a  i  Blend.  (  O  i  NR, 
(01 PBD 


analysis  to  include  differences  of  roughness  observed 
by  the  stylus  deforming  some  of  the  thin  ridge  tips. 
Additionally,  a  vertical  to  horizontal  enhancement  of 
ten  to  one  was  used  in  all  cases.  The  amplification  of 
the  roughness  allowed  more  accurate  analysis  because 
even  very  small  features  became  measurable.  The  total 
circumferential  trace  length  for  each  sample  was 


approximately  3  cm.  The  ability  of  the  profilometer  to 
form  a  consistent  detailed  surface  representation  over 
such  a  large  distance  was  the  reason  for  its  use  in  this 
study.  A  microscopic  survey  of  surface  cross-sections 
at  the  same  resolution,  while  giving  a  more  exact 
surface  description,  would  require  a  prohibitive 
number  of  micrographs. 


Figure  2  Natural  rubber  wear  surfaces  and  debris  as  a  function  of  frictional  work  input,  (a.  b)  2000  J  m'!.  (c,  d)  I350J  tn':.  (e.  f)  690  J  m  ! 


Figure  a  Polybutadiene  rubber  wear  surfaces  and  debns  as  a  function  of  frictional  work  input,  (a.  b)  |790Jm  '.  <c.  d)  i;20Jm~:.  (e.  f) 

S50Jm 


3.2.  Analysis 

The  profilometer  traces  were  mounted  on  I  mm  thick 
paper  board  An  Exacto-knife  was  used  to  cut  along 
the  rugged  line  This  produced  a  relief  image  of  the 
trace  The  relief  was  glued  to  a  long  sheet  of  paper 
where  perimeter  estimates  were  made  by  rolling  discs 
of  various  diameters  along  the  length  of  the  trace  edge 
A  hole  in  the  centre  of  each  disc  allowed  a  pencil  lead 
to  record  on  the  paper  each  path  taken.  Small  discs 
conformed  closelv  to  the  irregular  outline,  whereas 
large  discs  were  usable  to  penetrate  into  many  of  the 

r-NBI.f  It  Wear  p.ir.ir”" |  and  n 

r  -’mp, .und  j  ,, 

NR  '  n  «  in  is: 

Blend  :  a  .  t'l  I  na 

PHI)  :  '  I  i,< 


irregularities  (Fig.  5).  The  length  of  each  path  was 
measured  with  an  architect's  scale,  and  was  normalized 
by  dividing  by  the  projected  length  of  the  original 
profilometer  trace.  Measuring  the  profilometry  trace 


\  Large  Oise 
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with  discs  is  analogous  to  measuring  surface  rough¬ 
ness  with  a  profilometer  employing  styli  of  different 
diameters  [15], 

3.3.  Results  and  discussion 
The  fractal  dimension  of  the  surface  traces  was  deter¬ 
mined  from  the  graphical  representation  of  Equation 
1 ,  where  L  was  the  normalized  length,  the  measuring 
unit  R  was  the  disc  diameter,  and  the  slope  equalled 
(1  -  D).  A  typical  result  is  shown  in  Fig.  6. 

The  fractal  dimension  was  not  constant  over  the 
entire  range  of  measuring  diameters  because  of  the 
limited  self-similarity  of  the  wear  surface.  The  graph 
was  divided  into  three  regions:  A,  B  and  C.  As  the  disc 
size  decreased  in  region  A  the  path  length  approached 
the  true  length  of  the  original  stylus  trace,  whereas,  in 
region  C  the  surface  features  became  less  significant  as 
the  disc  size  increased.  Therefore  the  fractal  dimension 
in  these  zones  decreased  toward  the  Euclidean  value 


TABLE  III  Fractal  dimension  of  wear  surfaces 


Compound 

Frictional  work 

(Jm-!) 

Fractal  dimension 

NR 

2000 

1.46 

NR 

1670 

1.47 

NR 

1340 

1.47 

NR 

690 

1.32 

Blend 

2160 

1.48 

Blend 

1750 

1.49 

Blend 

1430 

1.49 

Blend 

730 

1.13 

PBD 

2080 

1.55 

PBD 

1790 

1  58 

PBD 

1220 

1  52 

PBD 

650 

1.51 

D  -  I .  The  fractal  dimension  was  obtained  from  the 
approximately  linear  region  B,  Fig.  6.  The  resulting 
value  is  considered  a  meaningful  descriptor  of  the 
surface  because  it  applies  to  the  range  of  disc  sizes  that 
correspond  to  the  scale  of  the  actual  surface  features. 

Fractal  plots  as  a  function  of  frictional  work  input 
are  shown  in  Fig.  7,  and  corresponding  values  of  D  arc 
given  in  Table  III.  When  compared  with  respect  to  the 
frictional  work  input,  the  measured  fractal  dimension 
values  could  be  divided  into  two  categories;  constant 
over  a  work  input  range  or  deviant. 

When  D  was  constant  with  frictional  work  the 
curves  could  be  superimposed  over  their  entire  lengths 
(regions  A,  B  and  C),  by  shifting  the  curves  only 
along  the  measuring  unit  axis  (Fig.  8).  This  demon¬ 
strates  that  although  the  fractal  dimension  was  chang¬ 
ing  over  the  measuring  size  range,  it  changed  at  the 
same  rate  for  each  surface.  The  suggested  physical 
interpretation  of  superposition  is  that  the  wear 
process  creates  surfaces  that  are  morphologically 
similar  except  for  a  scale  factor.  This  suggests  that  the 
same  wr»r  mechanism  operates  at  each  work  input.  In 
the  case  of  the  PBD  material,  this  view  is  supported 
because  PBD  exhibits  only  dry  wear.  Oily  wear  does 
not  occur  because  the  reactive  species  generated 
during  wear  preferentially  react  with  the  bulk  rubber, 
not  with  the  oxygen  present  in  the  atmosphere  [2]. 
Therefore,  for  these  compounds,  the  fractal  dimension 
and  superposition  could  be  used  to  identify  similarities 
in  wear  mechanism. 

The  amount  of  shift  required  to  superimpose  the 
curves,  the  fractal  shift  factor  (log  S),  was  related  to 
the  frictional  work  used  to  form  the  wear  surfaces  by 

log  S  =  kF  +  b  14) 

where  k  is  the  slope  and  b  is  the  intercept  when  the 


Normalized  Length  Normalized  Length 


reference  fractal  plot  was  the  highest  frictional  work 
measured  (Fig.  9).  Rewriting  this  relation  to  make  its 
physical  meaning  more  apparent  gives 

F  =  K  log  S  +  B  (5) 

and  noting  that  B  is  the  reference  frictional  work. 
Then,  if  the  reference  frictional  work  is  taken  as  zero, 
the  equation  becomes 

F  =  K  log  S  (6) 


and  the  wear  rate  can  be  written  as  99 

W  =  A(K\ogST  (7) 

Thus  fractal  analysis  shows  that  the  wear  topography 
can  be  quantitatively  relative  to  the  wear  rate.  The 
values  of  log  S  and  K  for  each  material  are  listed  in 
Table  IV. 

It  is  natural  to  note  the  similarity  between  the 
character  of  the  fractal  shift  factor  and  the  Williams, 
Landel  and  Ferry  shift  factor  used  to  create  master 


(0)  Measuring  Oise  diameter  (pm) 


Figure  7  Fractal  plot  of  profilometry  data 
for  (a)  NR,  (b)  Blend,  and  <c)  PBD  com¬ 
pound.  (a)  (O)  690.  (□)  1350.  U)  1670. 
(O)  2000 J m (b)  O)  730.  (O)  1430.  (a) 
1750.  (O)  2160  J  m‘ '  (c)  (O)  650.  (O) 
1220,  (a)  1790.  (O)  2080Jm  -\ 
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curves  of  material  behaviour  controlled  by  viscous 
deformation.  In  fact,  the  ability  to  form  master  curves 
for  wear  rate  as  a  function  of  load  by  taking  in  the 
account  the  rise  in  near  surface  temperature  as  a  func¬ 
tion  of  wear  load  has  been  demonstrated  [6].  Efforts  to 
correlate  the  fractal  shift  factor  with  near  surface 
temperatures  and  wear  load  are  in  process. 

However,  the  experimental  results  for  the  Blend  and 
NR  samples  tested  at  reduced  frictional  work  (690, 
920Jm'2,  respectively),  displayed  lower  dimension 


values  than  their  neighbouring  curves  and  super¬ 
imposed  only  over  a  small  region.  This  was  due  to  a 
distinct  change  is  surface  morphology  in  both  cases. 
The  Blend  transformed  from  dry  wear  at  high  fric¬ 
tional  work  to  oily  wear  at  low  frictional  work,  while 
the  surface  of  the  NR  material  changed  from  a  series 
of  discontinuous,  irregular  ridges  at  high  work  inputs 
to  small,  uniformly  spaced  ridges  at  low  work  inputs. 
This  change  may  be  due  to  effects  of  strain  crystalliz¬ 
ation  [6]  or  the  initiation  of  an  oily  mode  transition. 


Figure  8  Shifted  fractal  plot  for  (a)  NR.  (b) 
Blend,  and  <c)  PBD  compound,  (a)  (O) 
690.  (O)  1350,  (a)  1670.  (O)  2000Jm  : 
(b)  (O)  730.  (□)  1430.  (a)  1750.  (O) 
2l60Jm  -’  (c)  (0)650.  <0)1 220.  (a)  1790. 
(O)  2080 J  m  ! 


Figure  \  Conunueti 


(c)  Shifted  Measuring  Olsc  Diameter  (pm) 


The  interpretation  in  both  cases  is  that  a  change  in 
the  operative  wear  mechanism  changes  the  fractal 
dimension  and  negates  superposition. 

These  results  show  that  although  natural  objects  are 
not  fractal  over  all  scales,  important  practical  infor¬ 
mation  can  be  obtained  from  fractal  analysis.  The 
special  ability  of  fractal  analysis  to  describe  a  surface 
at  all  scales  gives  a  complete  topographic  picture 
which  can  be  effectively  exploited  through  additional 
parameters  such  as  the  fractal  shift  factor.  In  brief,  it 


is  not  necessary  that  a  single  fractal  descriptor  be 
found  for  every  natural  object.  In  fact,  to  attempt  to 
do  so  would  be  equally  as  erroneous  as  promoting 
Euclidian  geometry  as  a  universal  descriptor  (i.e. 
mountains  are  not  cones!)  [10]. 

4.  Wear  debris 

4.1.  Experimental  methods 

Wear  debris  was  collected  for  each  surface  analysed 

with  profilometry  except  the  oily  mode  specimen 


which  produced  no  debris.  The  particles  were  photo¬ 
graphed  in  a  scanning  electron  microscope  at  a  fixed 
magnification.  The  micrographs  were  Xeroxed  on  to 
transparencies  and  projected  onto  a  large  sheet  of 
heavy-weight  paper  where  their  boundary  images  were 
traced.  The  length  of  the  irregular  perimeter  of  each 
particle  was  measured  with  the  architect’s  scale  and 
the  projected  area  was  determined  by  weighing  the 
particle  image. 

4.2.  Results  and  discussion 
The  fractal  dimension  of  the  debris  (/>d )  was  deter¬ 
mined  using  Equation  4  relating  the  perimeter,  P,  to 
the  projected  area.  A,  found  at  a  fixed  magnification 
according  to 

P  X  A120*  (8) 

The  data  and  Dd  as  a  function  of  frictional  work,  are 
shown  in  Fig.  10  and  Table  V.  A  minimum  of  ten 


TABLE  IV  Log  fractal  shift  factors  for  NR,  Blend,  and  PBD 
compounds 


Compound 

Frictional  work 
(J  m ' !) 

Log  shift 
factor 

K 

(J  m‘:) 

NR 

2000  (Reference) 

0.0000 

NR 

1670 

0  0828 

-4000 

NR 

1350 

r  1621 

NR 

690 

0.5310 

Blend 

2160  (Reference) 

0  0000 

Blend 

1750 

0  0414 

-8330 

Blend 

1430 

0  0897 

Blend 

730 

0  7379 

PBD 

2080  (Reference) 

0  0000 

PBD 

1790 

0  0828 

-  3230 

PBD 

1220 

0  2621 

PBD 

650 

0  4414 

particle  images  were  analysed  to  determine  the  fractal 
dimension  of  the  debris  at  each  frictional  work  input. 
For  all  materials  tested,  D„  for  the  debris  increased 
with  F(Fig.  11);  for  the  NR  and  PBD  compounds  this 
can  be  expressed  as 

D  =  mf  +  1  (9) 

where  m  equals  2  and  2.5  x  IO~l0m:J"'  for  the  NR 
and  PBD,  respectively.  However,  for  the  blend  the 
relation  was  not  followed,  apparently  because  the 
nature  of  the  debris  was  radically  different  from  NR 
and  PBD.  The  blend  debris  was  very  sticky,  adherent 
and  cylindrical,  rather  than  dry  and  particulate  for  the 
other  compounds.  Also,  because  of  the  sticky  nature 
of  the  blend  debris  the  size  of  the  debris  analysed 
only  ranged  over  one  order  of  magnitude,  while  the 
NR  and  PBD  particles  were  significantly  smaller  and 
ranged  over  several  orders  of  magnitude. 

Currently  it  is  thought  that  the  physical  origin  of 
this  expression  is  not  related  to  the  wear  mechanism 
alone,  but  rather  is  a  strong  function  of  the  scheme  by 
which  the  d-bris  is  formed  under  the  scraping  action 
of  the  blade.  In  fact,  the  results  from  the  wear  surface 


TABLE  V  Fractal  dimension  of  NR.  Blend,  and  PBD  debris 


Compound 

Frictional  work 
<Jm-!) 

Fractal  dimension 

NR 

2000 

1  42 

- 

0.04 

NR 

1340 

1.24 

+ 

004 

NR 

690 

1.12 

t 

006 

Blend 

2160 

1.36 

± 

008 

Blend 

1430 

114 

4- 

006 

PBD 

1790 

1.44 

± 

004 

PBD 

1220 

1.34 

+ 

004 

PBD 

650 

1.16 

4- 

004 

.  42 


Fractal  Dimension 


Figure  II  Fractal  dimension  of  debris  ad  a 
functional  work  input  (a)  Blend.  I  O  I  NR. 
IO)  PBD 


Frictional  Work  Input  (J  m'z) 


analysis  indicates  that  over  a  large  range  of  frictional 
work  the  surfaces  are  formed  by  the  same  mechanism. 
Therefore,  if  the  debris  was  formed  solely  by  this 
mechanism,  its  fractal  dimension  would  be  expected  to 
have  the  same  value! 

It  is  proposed  that  at  increasing  wear  rates  more 
debris  particles,  which  consist  of  primary  particles  and 
severed  ridge  tips,  are  produced  per  revolution  and 
agglomerate  with  each  pass  of  the  blade  until  they 
are  eventually  removed.  It  is  also  believed  that  the 
detailed  agglomeration  mechanism  is  a  function  of  the 
frictional  work  and  responsible  for  the  variation  in 
the  fractal  dimension.  A  large  body  of  information 
exists  regarding  the  application  of  fractals  to  com¬ 
puter  simulated  random  floes  in  two  and  three  dimen¬ 
sions  [16-18],  Further  interpretation  of  the  precise 
agglomeration  process  would  logically  begin  there. 

Another  feature  of  large  random  accreations  of 
particles  is  an  extensive  range  of  self-similarity.  This  is 
evident  from  the  many  magnitudes  over  which  the 


fractal  dimension  describes  the  rubber  debris.  This  is 
further  demonstrated  in  Fig.  12,  where  micrographs 
of  the  same  debris  particle  continue  to  reveal  more 
detailed  irregularities  with  increasing  magnification. 

5.  Conclusions 

The  dimension  of  rubber  wear  surfaces  was  fractal 
over  a  limited  scale,  and  if  the  wear  mechanism 
remained  the  same  then  the  fractal  plots  could  be 
superimposed.  The  required  fractal  shift  factor  was 
linearly  related  to  the  wear  load.  The  fractal  shift 
factor  is  highly  suggestive  of  the  classic  WLF  shift 
factor  that  relates  viscous  deformation  processes  to 
material  properties.  This  relation  is  the  focus  of  future 
research. 

The  wear  debris  was  fractal  and  its  dimension  also 
increased  with  the  wear  load,  but  because  the  debris  are 
agglomerates  of  wear  particles  the  relation  to  wear 
load  is  thought  to  result  from  the  effect  of  the  wear 
load  on  the  agglomeration  mechanism. 


Figure  12  Self-similarity  of  debris  particles. 
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ON  STRAIN-INDUCED  C Y S T A LL I Z AT  I ON  IN  NATURAL  RUBBER 
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INTRODUCTION 

Natural  rubber  ( ci s- pol yi sopr ene )  is  mostly  amorphous, 
except  for  a  small  percentage  of  semi-crystalline 
spher ul i tes 1 ,  if  the  material  has  been  between  223-283K2  for 
a  long  time.  In  temperature  induced  crystals  (TIC)  the  long 
chain  molecules  in  the  crystalline  lemella  are  parallel  to 
the  spherulite  surface*,  therefore  randomly  oriented 
throughout  the  specimen.  TIC  is  generally  undesirable,  since 
it  hardens  and  decreases  the  recoverable  strain  of  the 
r ubber . 

However,  when  natural  rubber  (NR)  is  uniaxially 
stressed,  it  is  well  known  that  strain  induced  crystal¬ 
lization  occurs  in  the  amorphous  matrix.  The  strain  induced 
crystals  (SIC)  have  a  shish-kebab  structure  with  the  ex¬ 
tended  chain  crystals  alligned  in  the  direction  of 
extension*.  Since  the  covalent  bonds  along  the  chain  are 


much  stronger  than  the  Van  der  Waals  bonds  between  the 


2 

chains,  the  strength  of  the  strecthed  material  is 
anisotropic.  In  a  stressed,  cracked  NR  specimen  the 
material  in  the  crack  tip  region  is  most  extended,  therefore 
highly  crystalline  and  the  molecular  chains  are  oriented  in 
the  maximum  principle  stress  direction.  Thus  the  strong 
i nt  ermol  ecul ar  bonds  hinder  crack  growth.  Also  the  crystal¬ 
lization  is  a  reversible  process  that  dissipates  energy  in 
the  crack  tip  region  which  is  not  therefore  available  for 
crack  propagation. 

The  maximum  degree  of  crystallinity,  SIC  and  TIC, 
determined  by  X-ray  diffraction  experiments  does  not  exceed 
about  30  percent'*  . 

Recent  work  showed  carbon  black  (CB)  filler  in  NR 
increased  the  energy  required  for  crack  initiation*'*,  and 
facilitates  the  development  of  molecular  orientation7  and 
crystallization*.  Therefore  an  important  mechanism  of  CB 
reinforcement,  as  measured  by  the  increase  in  fracture 
resistance,  i3  associated  with  the  CB  facilitated,  strain 
induced  crystallization  occurring  in  the  crack  tip  region. 

Gent  and  Kim*  showed  that  the  critical  energy  release 
rate  for  crack  growth  was  decreased  by  pr e- s t r e t ch i ng  the 
specimen  in  the  crack  direction,  and  was  larger  in  a  trouser 
test  than  in  a  3ingle  edge  notched  specimen  (SEN).  It  also 
has  been  shown  that  the  critical  strain  energy  release  rate 
to  initiate  a  crack  in  a  pure  shear  (PS)  specimen  was  less 
than  in  a  SEN  specimen;  and  that  the  state  of  biaxial  stress 
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is  greater  in  the  crack  tip  region  in  the  PS  specimen  than 
in  the  SEN  specimen*.  The  relation  of  SIC  to  fracture  resis¬ 
tance  suggests  that  the  state  of  stress  may  affect  the 
extent  of  SIC.  Therefore,  the  objective  of  this  work  was  to 
determine  the  effect  of  biaxial  stress  on  the  extent  of  SIC 
and  relate  these  data  to  the  role  of  SIC  in  fracture  resis¬ 
tance. 

Differential  scanning  calorimetry  (DSC)  is  a  standard 
method  to  determine  the  percent  crystallinity  of  semi¬ 
crystalline  polymers.  By  measuring  the  heat  absorbed  by  the 
melting  of  the  crystals,  the  percent  crystallinity  can  be 
calculated.  Goritz  and  coworkers 1  "  were  the  first  to  use  DSC 
to  directly  measure  the  crystallization  behavior  in  uniaxial 
stretched  NR.  Lyon  and  Farris11  developed  another  DSC  tech¬ 
nique  and  measured  the  SIC  in  an  elastomer.  In  this  work,  a 
special  fixture  was  designed  for  crystallization  measure¬ 
ments  of  biaxially  stressed  CB  filled  NR  by  DSC. 

EXPERIMENTAL 

The  NR  used  for  this  study  was  filled  with  0,  10,  25 
and  AO  pph  HAF  carbon  black  and  10  percent  regrind,  com¬ 
pounded  by  B.  F.  Goodrich  Rubber  Company. 

To  measure  SIC  as  a  function  of  biaxial  stress,  a 
three-piece  brass  fixture  was  designed  to  hold  a  biaxial 
stretched  rubber  sample.  A  NR  strip  0.6  mm  thick,  15  mm  wide 
and  variable  length  was  first  clamped  in  a  stretching 
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device,  and  extended  to  a  desired  elongation  ratio  X,  as 
shown  in  Figure  1  at  room  temperature.  If  the  specimen  was 
long  enough,  the  NR  would  be  uniaxially  stressed  and 
=  if  the  specimen  was  short  compared  to  the  width, 

the  sample  could  be  in  the  same  stress  state  as  the  PS  with 
X  2  =  1 .  Thus  by  changing  the  specimen  length,  the  sample  could 
be  biaxially  stretched  to  different  degrees  with  0  <  X  2  <  t . 

Then,  the  stretched  rubber  sample  was  clamped  between 
part  A  and  B  of  the  fixture  (Figure  2)  with  the  aid  of  a 
hand  vice.  The  rubber  outside  the  clamping  fixture  was  cut 
off,  part  C  was  screwed  tightly  into  part  B  to  prevent 
contraction  of  the  sample  after  the  holding  force  was 
released.  To  check  if  any  slippage  of  the  sample  ocurred  in 
the  fixture,  several  white  dots*  were  pressed  on  the 
stretched  sample,  and  their  relative  position  was  measured 
before  and  after  clamping.  The  weight  of  the  fixture 
averaged  370+IOmg,  and  the  rubber  samples  weighed  between  15 
to  30mg.  The  fixture  containing  the  sample  was  then  placed 
opposite  a  reference  fixture  in  a  DSC,  and  scanned  at  a  rate 
of  20K/min  from  173  to  423K.  After  the  DSC  measurement,  the 
sample  was  released  from  the  fixture,  and  the  center  part  of 
the  sample  was  trimmed  along  the  clamping  mark  and  re¬ 
weighed.  Since  the  c i r cum f er en t i a  1  part  of  the  sample  was 
unstreched  no  SIC  developed  in  this  part  of  the  material, 
the  weight  of  the  center  was  used  for  calculations  of  AH, 
the  enthalpy  of  melting,  and  the  crystallinity.  Also,  the 
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net  weight  of  NR  was  used  in  the  calculations  by  substract- 
ing  the  weight  of  the  CB. 

To  measure  TIC,  unstretched  rubber  was  annealled  at 
423K,  cooled  to  and  kept  at  253K  for  3  days,  than  the  DSC 
trace  was  determined  by  scanning  at  20K/min  from  253  to 
373K.  Samples  stored  at  room  temperature  for  about  six 
months  after  curing  were  also  measured  in  a  similar  way. 

RESULTS  AND  DISCUSSION 

A  typical  DSC  curve  for  the  materials  studied  is  shown 

in  Figure  3,  where  the  glass  transition  temperature,  T  is 

S 

about  21 3K,  ACp  is  the  change  in  the  heat  capacity  at  Tg, 
and  AH,  the  area  under  the  peaks,  is  the  enthalpy  of  fusion 
of  the  crystals.  ACp  is  proportional  to  the  free  amorphous 
molecules  present,  while  AH  is  proportional  to  the  mass  of 
crystalline  material  melted.  The  first  peak  corresponds  to 
the  melting  of  TIC.  The  second  peak  only  appeared  when  the 
extension  ratio  reached  a  critical  value,  therefore  the 
higher  temperature  peak  is  Identified  as  the  exothermic  peak 
due  to  the  melting  of  SIC. 

CB  Effects  on  Temperature  Induced  Crystallization 

The  amount  of  TIC  in  NR  formed  near  the  temperature  of 
the  maximum  crystallization  rate12  (253K)  was  not  a  function 
of  CB  content  as  shown  Figure  ^ ,  although  the  rate  of  crys¬ 
tallization  may  be13.  But,  for  material  stored  at  room 


6 

tenpenatune  (T~29'4K),  the  extent  of  TIC  decreased  slightly 
with  CB  content  as  shown  in  Figure  H  .  The  melting  point  Tm 
was  independent  of  CB  content  (Table  I). 

CB  and  Stress  Effects  on  Strain  Induced  Crystallization 

Deformed  NR  had  SIC  in  addition  to  the  TIC  that  pre¬ 
existed  as  shown  in  Figure  3*  Figure  5  shows  AH,  the  heat 
absorbed  due  to  the  melting  of  SIC,  as  a  function  of  CB  and 
uniaxial  extension  ratio.  Extension  increased  the  extent  of 
SIC  in  natural  rubber  as  expected.  CB  increased  the  crystal¬ 
linity  at  comparable  extension  ratios  and  decreased  the 
critical  strain  at  which  SIC  occurred  in  agreement  with 
previous  X-ray  studies?,l,• 

The  critical  extension  ratio  to  induce  cr ys tall i za t i on 
for  unfilled  NR  was  3.5,  below  which  SIC  did  not  occur. 
However,  lOpph  CB  filled  NR  crystallized  at  X-2  and  JJOpph  NR 
crystallized  almost  immediately  upon  extension.  Thi3  agrees 
with  Gehman  and  Field’s  discovery11”  1 5  that  X-ray  diffrac¬ 
tion  spots  appeared  at  lower  elongations  when  NR  was  filled 
with  CB,  and  with  the  Mullin-Tobin  study1*  of  volume  changes 
with  stretching  which  indicated  that  CB  caused  NR  to  crys¬ 
tallize  at  much  lower  elongations. 

At  the  sane  extension  ratio,  AH,  or  crystallinity, 
increased  with  the  increase  of  CB  content.  The  CB  interacts 
with  the  rubber  molecules  and  forms  additional  network 
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points17.  Among  the  range  of  f i 1 1 er- r ut ber  bonds,  the  over¬ 
stressed  molecules  are  released  by  successive  rupture  and 
re-establishment  of  CB-rubber  bonds,  accompanied  by  sliding 
of  the  rubber  chains  over  the  filler.  Therefore,  the 
stresses  in  filled  NR  are  more  evenly  distributed  among  the 
rubber  chains  than  in  unfilled  NR.  This  promotes  orientation 
of  the  molecular  chains  in  the  stress  direction,  and  there¬ 
fore,  increases  SIC.  Marei  et  al . 1 •  suggested  that  fillers 
in  polymers  have  the  same  effect  on  the  mechanism  and 
kinetics  of  crystallization  as  the  application  of  uniaxial 
stress,  since  fillers  act  as  heterogeneous  crystallization 
sites  which  promote  the  rate  of  crystallization  and  the 
formation  of  bl-  and  uni- di rect i onal  crystals. 

Figure  6  shows  that  SIC  is  less  in  biaxial  stretched 
specimens  than  in  uniaxial  stretched  specimens  even  when  X* 
in  the  biaxial  case  is  not  much  larger  than  in  the  uniaxial 
case.  Zuyev7  has  suggested  that  biaxial  stress  will  hinder 
the  formation  of  molecular  orientation.  When  contraction  of 
NR  is  restricted  in  the  X2  direction  the  stress,  a2  will 
restrict  molecular  rearrangement  in  the  X,  direction 
through  molecular  entanglements.  Therefore,  the  crystal¬ 
lization  is  impeded. 

CB  and  Stress  Effects  on  Melting  Temperature  of  SIC 

The  melting  temperature,  defined  as  the  temperature  at 
which  the  last  trace  of  crystals  melt,  increased  with  both 
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uniaxial  or  biaxial  stress  (Figure  7),  but  was  unchanged  by 
CB  c o n t en t ( F i gur e  8).  The  increase  of  Tm  with  stress  is 
theoretically  expected  from  the  classical  thermodynamics  of 
rubber.  The  Gibbs  free  energy  AG  is 

AG- AH-T  *  AS ,  (1) 

and  at  the  melting  point  AG-0,  so 

Tm- AH/ AS* AH/ ( Sam-Scr  )  ,  (2) 

where  AH  is  the  enthalpy  change,  Tm  is  the  melting  tempera¬ 
ture  of  crystals,  AS  is  the  entropy  change  and  Sam  and  Scr 
are  the  entropy  of  the  amorphous  and  the  crystalline  phase, 
respectively.  Deformation  decreases  Sam  according  to 

ASam-^Nk(X?*X§  +  X  J-3)  ,  (3) 

where  Xlf  Xa,  Xs  are  the  extension  ratios  in  the  three 
principle  directions.  Therefore  Sam  decreases  and  Tm  in¬ 
creases  with  the  increase  of  \lf  Xa  ,  X,  or  any  combination 
of  X . 


Crystallinity  Calculation 

The  crystallinity  of  unfilled  MR  can  be  determined 
ei ther  by  1  * 

Wc  -  AH/ AH  t  e  0  ,  (4) 

or  by20 

Wc  -  1  -  AC p  / ACp  ,  (5) 

c  r  am 

where  AHl#,  is  the  enthalpy  of  fusion  for  a  perfectly  crys¬ 
talline  polymer,  ACpQr>  is  the  change  of  heat  capacity  at  the 
glass  transition  temperature  Tg  of  the  amorphous  phase  In  a 
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semi-crystalline  rubber  and  ACp  is  the  change  of  heat 

a  m 

capacity  at  Tg  for  an  100  percent  amorphous  rubber. 

For  CB  filled  NR,  Equation  5  should  be  modified  because 
of  the  presence  of  the  bound  rubber  between  filler  ag¬ 
gregates  and  rubber  molecules: 

Wc  =  [1-ACp  (filled)/ACp  (filled) ]*( 1-v)  .  (6) 

c  r  am 

where  v  is  the  fraction  of  bound  rubber  which  could  be 
determi ned  by  2  0 

v  -  1  -  ACp  (filled)/ ACp  (unfilled),  (7) 

am  am 

Equating  Equation  (4)  and  (6)  and  noting  that  the  total 
crystallinity  equals  the  sum  of  TIC  and  SIC  gives 
(l-4Cpor/4CpM)«(l-v) 

“ (  &htic/ahtic 1 00  * +  ( AHsic/ AHsic 1 0  0  ^  ^ 

in  which  AHTICl00-  64.1  J/gm  (15.3  cal/gm)21,  AHTIC  (Figure 

4b),  4H„ _  _  (Figure  5),  ACp  and  ACp  (Figure  9)  can  all  be 
sic  cr  am 

obtained  from  the  DSC  curves. 

Equation  8  provides  a  method  to  determine  aHsic,9°’ 
instead  of  assuming,  as  is  usually  done,  that  it  is  the  same 
as  AHtic  ,  o  o  2  *  •  The  AHsiC100  values  obtained  for  all  CB 
contents  and  strains  considered  are  shown  in  Table  II  to  be 
in  the  range  of  44-52  J/gm,  which  is  less  than  the  usually 
assumed  value  of  64.1  J/gm.  The  percent  of  SIC  (Figure  5) 
was  determined  with  AHCT_,00-48  J/gm. 

O  1  w 


SIC  in  the  Crack  Tip  Region 


1  0 

Since  CB  in  NR  increases  the  extent  of  SIC  and 
decreases  the  critical  extension  ratio  to  induce  SIC,  the 
concentration  of  SIC  in  the  crack  tip  region  and  the  SIC 
zone  size  are  greater  in  CB  filled  than  in  unfilled  NR 
specimen  at  crack  initiation  or  propagation.  Therefore  more 
energy,  that  otherwise  would  be  available  for  crack  growth, 
is  dissipated  and  the  crack  growth  resistance  is  improved  by 
CB  filler5’4. 

But,  if  the  stress  state  in  the  crack  tip  region  of  one 
specimen  is  more  biaxial  than  another,  the  former  specimen 
would  have  lower  crack  growth  resistance  than  the  other, 
since  the  crystallinity  and  the  size  of  the  crystalline  zone 
in  the  crack  tip  region  is  reduced  by  biaxial  stress.  This 
explains  the  smaller  crack  growth  resistance  in  PS  specimens 
compared  with  SEN  specimens*. 

CONCLUSIONS 

1.  CB  enhances  SIC,  but  has  little  effect  on  TIC. 

2.  The  formation  of  SIC  is  hindered  by  biaxial  stresses 

3.  Strain  increases  the  Tm  of  SIC,  but  CB  has  no  effect  on 
Tm  of  SIC  and  TIC. 
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TABLE  I 

Tm  OF  TIC  FOR  DIFFERENT  CB  CONTENT 


CB  CONTENT 

0 

1  0 

25 

Tm( °K ) 

335  .3 

336 

335.5 

TABLE  II 

AHSICl00(J/gram)  CALCULATED  FROM  EQUATION  (8) 


^  1 

A  2 

0( pph) 

10(pph) 

2  5 ( pph) 

2.5 

1 

-- 

=r 

• 

CO 

49 . 4 

3 

1 

-- 

47.6 

51  .6 

4 

1 

46.9 

47.2 

45.4 

2.5 

.63 

49.4 

49.3 

3 

.  58 

— 

46.7 

45.8 

4 


5 


44.3 


48.9 


48.0 
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FIGURE  CAPTIONS 

FIG.  1 . --B i axi al 1 y  stretched  rubber  piece. 

Fig.  2 . - -T hr ee- p i ece  brass  fixture  for  DSC  of  a  biaxialLy 
stretched  rubber  sample. 

Fig.  3 •  —  A  Typical  DSC  curve  for  the  material  studied. 

Fig.  4.--AH  for  TIC  as  a  function  of  CB  at  a)  253°K  b) 

29^  °K . 

Fig.  5. ““AH  for  SIC  of  uniaxially  stretched  NR  as  a  function 
of  extension  ratio. 

Fig.  6 .  —  AH  for  SIC  of  biaxially  stretched  NR  as  a  function 
of  extension  ratio. 

Fig.  7.““Tm  of  SIC  as  a  function  of  extension  ratio. 

Fig.  8.--Tm  of  SIC  as  a  function  of  CB  content. 

Fig.  9-“-ACp  as  functions  of  extension  ratio  and  CB. 
cr 
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CRYSTALLINITY  OF  SIC  (%) 


AH  (J/gm) 
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